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Abstract: Mitochondria play an important role in apoptosis by generating reactive oxygen species
(ROS) and inducing membrane permeability transition (MPT). Recent studies on α-lipoic acid (LA)
and its reduced form, dihydrolipoic acid, suggest that these agents (LAs) inhibit apoptosis of cells
by means of their antioxidant activity. On the other hand, LAs also stimulate Ca2+-dependent mito-
chondrial MPT and induce apoptosis of certain cells. Thus, the role of LAs in apoptotic cell death
remains obscure. We investigated the mechanism of LA-induced MPT of mitochondria. Biochemi-
cal analysis revealed, in the presence of Ca2+, inorganic phosphate and succinate, LA induced un-
coupling of oxidative phosphorylation, stimulated oxidation of pyridine nucleotides and enhanced
Ca2+-induced MPT, as characterized by decrease in Ca2+ loading, ROS generation, oxidation of thiol
groups of adenine nucleotide translocator, membrane depolarization, swelling, and cytochrome c
release in an incubation time and concentration dependent manner. LA also stimulated hydroxyl
radical-induced MPT in a α-tocopherol-inhibitable manner. Cyclosporine A, a potent inhibitor of
mitochondrial MPT, inhibited all these events induced by LA.

These results indicate that, under certain conditions, LA stimulates Ca2+- induced MPT through
the decrease in loading capacity of Ca2+ and that MPT is involved in LA-induced apoptotic cell
death. Since fairly high doses of LA have been used as a dietary supplement, the possible occur-
rence of such side effects, including mitochondrial dysfunction and induction of apoptosis in nor-
mal tissues, should be studied.

KEY WORDS: antioxidant; apoptosis; α-lipoic acid; membrane permeability transition; mito-
chondria; reactive oxygen species



α -LIPOIC ACID (LA) and its reduced form, dihydrolipoic acid (DHLA), are synthesized
in prokaryotic and eukaryotic cells, including human cells (1). LA is a component of the
multi-enzyme complex that catalyzes the decarboxylation of α-ketoacids (1, 2) and is in-
volved in the regulation of carbohydrate and lipid metabolism (3). Both LA and DHLA
exhibit antioxidant activity (1, 4, 5) and function as metal chelaters to prevent the precipi-
tation of calcium oxalate in the kidney (6, 7). DHLA regenerates other antioxidants, in-
cluding vitamin C and vitamin E (8). LA is absorbed from the gastrointestinal tract (9)
and mobilized across the blood-brain barrier (10). LA decreases oxidative stress and re-
stores reduced forms of other antioxidants in vivo (11). Thus, LA has been used thera-
peutically for the prevention of free radical injury of tissues.

Recent studies revealed that mitochondria play an important role in apoptotic cell death
by modulating membrane permeability transition (MPT) (4). MPT opens a large pore in
the inner membrane that causes the uncoupling and swelling of mitochondria and releases
proapoptotic factors into the cytosol (12, 13). Ca2+ induces typical MPT characterized by
depolarization and swelling of mitochondria, thereby releasing cytochrome c by the
mechanism, which is sensitive to cyclosporine A, a potent inhibitor of mitochondrial MPT
(14, 15). MPT is induced by Ca2+ accumulation and oxidative stress that modulates the
redox state of mitochondria (16). Ca2+ enhances the generation of reactive oxygen species
(ROS) coupled with MPT (16, 17). MPT and pore opening are induced by many factors,
including prooxidants that oxidize the critical thiol groups of adenine nucleotide trans-
locator (ANT) (18). Because LA undergoes redox cycling, it increases the GSH pool both
in the cytosol and mitochondria (19). Hence, this compound has been postulated to inhibit
the induction of MPT. However, several investigators reported that LA and DHLA (LAs)
actually induced MPT by increasing ROS generation in mitochondria (20, 21, 22, 23).
Thus, the cellular role of the action of LAs in the regulation of MPT remains unclear. The
present work also describes the effect of LAs on Ca2+- and Fe2+/H2O2-induced MPT in rat
liver mitochondria.

Materials and Methods 

Chemicals

Cyclosporine A, horseradish peroxide, DHLA and antipyrylazo III were obtained from
Sigma Co. Ltd. (St. Louis, MO, USA). Amplex Red and 2’,7’-dichlorodihydrofluorescein
diacetate (H2DCF-DA) were purchased from Molecular Probes (Eugene, Oregon, USA).
Monoclonal antibody against cytochrome c was purchased from PharMingen (San Jose,
CA, USA). Rabbit antiserum against ANT was a gift from Dr. Hiroshi Terada (Tokyo Uni-
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Abbreviations: ANT, adenine nucleotide translocator; CHL, chemiluminescence; CMPT, classical
membrane permeability transition; diS-C3-(5), 3,3’-dipropyl-2,2’-thiodicarbocyanine iodide;
DHLA, dihydrolipoic acid; H2DCF-DA, 2’,7’-dichlorodihydrofluorescein diacetate; L-012,
8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-1,4-(2H,3H)dione; LA, lipoic acid; MPT,
membrane permeability transition; Pi, inorganic phosphate; PN, pyridine nucleotides; RCR, respi-
ratory control ratio; ROS, reactive oxygen species; SOD, superoxide dismutase; ThioBond Resin,
4-aminophenylarsine oxide agarose.



versity of Science, Japan). LA (racemic LA), 4-aminophenylarsine oxide agarose
(ThioBond Resin) and 3,3’dipropyl-2,2’-thiodicarbocyanine iodide (diS-C3-(5)), a cya-
nine dye, were obtained from Kanematsu Co. Ltd. (Tokyo, Japan), Invitrogen (Carlsbad,
CA, USA) and Hayashibara Biochemical Laboratories (Okayama, Japan), respectively. 
8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-1,4-(2H,3H)dione (L-012) was ob-
tained from Wako Chemical Co. Ltd. (Osaka, Japan).

Isolation and biochemical analysis of mitochondria

Male Wistar rats, weighing 200 g, were used after overnight fasting. Mitochondria were
isolated from rat livers by the method of Hogeboom as described previously (24).
Mitochondria were incubated in 2 ml of a standard medium (230 mM mannitol, 70 mM
sucrose, 1 µM EDTA and 3 mM HEPES, pH 7.4) at 25°C with continuous stirring and
oxygenation. 

The respiratory control ratio (RCR), state 4 respiration and ADP/O ratio of mitochon-
dria used were 4.8, 30.4 µM /min /mg protein and 1.9, respectively, as measured in 10
mM Tris-HCl buffer (pH 7.4) containing 150 mM KCl, 5 mM MgCl2, 2.5 mM succinate
and 1 mM inorganic phosphate (Pi). The mitochondrial oxygen uptake was monitored
polarographically using a Clark type oxygen electrode fitted to a 2 ml water-jacketed
closed chamber at 25°C in the presence or absence of 20 µM Ca2+ and 100 µM LA as de-
scribed previously (25). 

The redox state of pyridine nucleotides (PN) in mitochondria was analyzed by measur-
ing the fluorescence intensity at 460 nm during the excitation at 340 nm using a Hitachi
650-10LC fluorescence spectrophotometer equipped with a water-jacketed cell holder and
magnetic stirrer. The mitochondrial concentration used was 0.1 mg protein /ml.

The mitochondrial uptake of Ca2+ was monitored using a metallochromic indicator,
antipyrylazo III, at 720-790 nm using a dual-wavelength spectrophotometer (Hitachi 557)
(17). Mitochondria (0.5 mg protein /ml) were incubated according to a standard medium
in the presence of 5 µM rotenone, 1 mM Pi and 2.5 mM succinate. The reaction was
started by adding 50 µM antipyrylazo III. The mitochondrial uptake and release of Ca2+

are accompanied proportionally by a respective decrease and increase in absorption. The
amounts of mobilized Ca2+ were calibrated at the end of each experiment using authentic
CaCl2 solution.

Assay for mitochondrial ROS generation

The mitochondrial generation of H2O2 was evaluated using Amplex Red and horseradish
peroxidase system and measured with a fluorescence spectrophotometer (26). The
changes in fluorescence intensity were monitored at 590 nm using excitation at 550 nm.
Mitochondria (0.1 mg protein /ml) were incubated in the standard medium at 25°C in the
presence of 5 µM rotenone. The reaction was started by adding 20 µM Amplex Red, 1.1
mU /ml horseradish peroxidase, 2.5 mM succinate and 1 mM Pi. The mitochondrial gen-
eration of H2O2 was induced by 5 µM Ca2+ in the presence or absence of 20 µM LA or 1
µM cyclosporine A.

Because mitochondria have high Mn-superoxide dismutase (SOD) and glutathione per-
oxidase activities, the generation of ROS was analyzed using a highly sensitive chemilu-
minescence (CHL) probe, L-012 (27). Mitochondria were incubated in a standard medium
(0.2 mg protein /2 ml) in the presence of 5 µM rotenone, 2.5 mM succinate, 1 mM Pi and
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100 µM L-012 at 25°C for 1 min. Then, the reaction was started by adding CaCl2. The
CHL intensity was recorded continuously for 20 min and CHL was represented as an
integrated value for 10 min.

The flow cytometric analysis of ROS generation in isolated mitochondria was also car-
ried out using an H2DCF-DA-fluoresence probe following the method of Mattiasson (28,
29). Mitochondria (0.1 mg protein /ml) were incubated in the standard medium contain-
ing 1 mM Pi and 2.5 mM succinate. The reaction was started by the addition of 10 µM
H2DCF-DA at 25°C.

Binding of ANT to a phenylarsine oxide-conjugated agarose

The amount of the reduced form of ANT was analyzed as described previously (30). After
the incubation of mitochondria (2 mg protein /ml) in the presence of 5 µM rotenone, the
reaction was started by adding 1 mM Pi and 2.5 mM succinate. Mitochondria were treated
with 20 µM CaCl2 for 10 min in the presence or absence of 5 ~ 50 µM LA followed by
centrifugation at 12,000 x g and 4°C for 5 min. The proteins in the precipitate were sol-
uble in 100 µl of a 50 µM HEPES buffer (pH 7.4) containing 0.15 M Na2SO4, 1 mM
EDTA, 3% Triton X-100, 1 mM PMSF and 1 µM leupeptin. After centrifugation of the
lysate at 15,000 x g and 4°C for 5 min, the supernatant fraction was incubated with
ThioBond Resin equilibrated with 50 mM HEPES buffer (pH 7.4) containing 0.15 M
Na2SO4, 1 mM EDTA, 0.25% Triton X-100, 1 mM PMSF and 1 µM leupeptin. After in-
cubation at 4°C for 15 min, the resin was washed three times with 0.5 ml of the buffer by
centrifugation for 1 min. Proteins bound to the resin were eluted with 50 µl of the buffer
containing 10 mM dithiothreitol, and analyzed with SDS-PAGE and Western blotting
using anti-ANT antiserum.

Assay for mitochondrial swelling and membrane potential

Mitochondrial swelling and depolarization were assessed by spectrophotometric and flu-
orometric methods, respectively. Mitochondria were incubated in the standard medium
(0.1 mg protein /ml) at 25°C. Changes in the absorption at 540 nm were recorded using
a Shimadzu UV-2400 equipped with a water-jacketed cell holder and magnetic stirrer.
Mitochondrial swelling was also assayed by measuring the 90° light scattering at 540 nm
using a fluorescence spectrophotometer (Hitachi 650-10LC). 

Fluorescence analysis of the mitochondrial membrane potential was carried out in the
standard medium (0.1 mg protein /ml) using 0.2 µg /ml of diS-C3-(5), 1 mM Pi and 2.5
mM succinate, respectively (31). Concentrations of other reagents added are indicated in
each figure.

Western blot analysis

Mitochondrial lyses were prepared as described elsewhere (17). Briefly, 2 x 106 cells were
dissolved in an SDS buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol and 0.002%
bromophenol blue, 125 mM Tris-HCl, pH 6.8) and boiled at 100˚C for 5 min. The boiled
samples were subjected to SDS-polyacrylamide gel electrophoresis. Proteins in the gel
were transferred to an Immobilon filter (Millipore Co. Ltd.), and then incubated with pri-
mary antibody (1:1000 dilution) and finally with horseradish peroxide-linked secondary
antibody (1:2000 dilution) and analyzed using an ECL plus kit (Amersham). The protein
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concentration was determined according to the method of Bradford using bovine serum
albumin as a standard (17).

Assay of cytochrome c release

The release of cytochrome c from mitochondria was analyzed as described previously
(17). Mitochondria were incubated according to the standard procedure (0.1 mg protein
/ml) in the presence of 5 µM rotenone at 25°C. Mitochondrial swelling was induced by
adding 2.5 mM succinate, 0.5 mM Pi and 7 µM CaCl2 in the presence or absence of 50
µM LA or 1 µM cyclosporine A. Eight min after adding Ca2+, mitochondria were cen-
trifuged at 6,000 x g for 10 min. Mitochondria and supernatant fractions were added to a
0.5 volume of SDS-sample buffer and analyzed by Western blot with specific antibody.

Results

Effect of LA on mitochondrial oxidative phosphorylation

Since mitochondrial dysfunction often induces MPT, the effect of LA on its oxidative
phosphorylation was examined in the presence or absence of Ca2+. The presence of Ca2+

increased the state 4 respiration, and decreased the RCR and ADP/O ratio of mitochon-
dria (Figure 1). LA also increased the state 4 respiration and decreased the RCR and
ADP/O ratio. The presence of both LA and Ca2+ slightly increased the state 4 respiration
and decreased the RCR and ADP/O. Cyclosporine A, a potent inhibitor of mitochondrial
MPT, suppressed the uncoupled oxidative phosphorylation induced by LA and Ca2+ (data
not shown). Similar results were also observed in the presence of 5 mM pyruvate as a res-
piratory substrate. However, the increasing effect of LA was stronger with pyruvate than
with succinate.

Effect of LA on the redox state of PN

It has been known that the threshold of Ca2+ for the induction of MPT was low with pyru-
vate and high with succinate plus rotenone, and that the different sensitivity of MPT to
LA with these substrates correlated with the redox state of PN (21). As shown in Figure
2A, PN was reduced by succinate-dependent respiration even in the presence of rotenone.
These results suggest that LA-stimulated MPT might be correlated with the rotenone-in-
sensitive NADH oxidation (‘‘external pathway’’) that is suppressed by cyclosporine A
(32, 33). However, the time required for the occurrence of mitochondrial swelling induced
by LA plus Ca2+ was shorter than that for the oxidation of PN (Figure 2B).

Effect of LA on the mitochondrial Ca2+ state

It has been known that, in the presence of rotenone and succinate, MPT occurred with the
concomitant release of Ca2+ from mitochondria (17). In the presence of rotenone, Pi and
succinate, the absorption intensity of Antipyrylazo III remained unchanged during the in-
cubation of mitochondria for longer than 16 min (Figure 3A). However, exogenously
added Ca2+ was rapidly taken up by mitochondria and then released when its con-
centration reached a high enough level to induce their uncoupling (Figure 3C). LA de-
creased the loading capacity of mitochondria, thereby stimulating the release of Ca2+ in a
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concentration dependent manner (Figure 3D and E). Cyclosporine A strongly suppressed
the decrease in the loading capacity of mitochondria and stimulated the effect of LA
(Figure 3B).

Effect of LA on Ca2+-induced ROS generation

Since DHLA induces mitochondrial MPT by stimulating the generation of superoxide and
related free radicals (20, 21), we examined the effect of LA on Ca2+ -dependent H2O2 gen-
eration. In the presence of rotenone, Pi and succinate, Ca2+ stimulated the mitochondrial
generation of H2O2 via a cyclosporine A-sensitive mechanism (Figure 4A) (16, 17). Al-
though 20 µM LA alone had no significant effect on the H2O2 generation by mitochon-
dria, it enhanced the Ca2+-induced H2O2 generation by a cyclosporine A-sensitive
mechanism (data not shown).

In order to further investigate the effect of LA on ROS generation, we used a highly
sensitive CHL probe, L-012, to analyze the Ca2+-dependent ROS generation. Ca2+ stimu-
lated mitochondrial chemiluminescence, suggesting the generation of ROS. LA further
enhanced the chemiluminescence intensity via a cyclosporine A-sensitive mechanism
(Figure 4B).

To obtain further insight into the mechanism of increased ROS generation by LA, FAC-
Scan analysis of ROS productions was examined using H2DCF-DA dye assay. It has been

6 AOYAMA et al.

FIGURE 1. Effect of LA on succinate respiration and oxidative phosphorylation of mitochondria.
Oxidative phosphorylation of isolated rat liver mitochondria was measured by oxygen electrode as
described in a previous paper (17). A, B and C showed the respiratory control ratio (RCR), state 4
respiration and ADP/O ratio, respectively. In the medium of 10 mM Tris-HCl buffer (pH 7.4) con-
taining 150 mM KCl, 5 mM MgCl2, 1 mM Pi and 2.5 mM succinate, the RCR, state 4 respiration
and ADP/O ratio of the mitochondria were 4.8, 30.4 mM /min /mg protein and 1.9, respectively.
*Significant difference (P < 0.05). Similar results were obtained in three separate trials.
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suggested that H2DCF-DA crosses the cell membrane, subsequently undergoing deacety-
lation by intracellular esterases (34). The result of cytometric analysis using H2DCF pro-
posed to react with intramitochondrial hydrogen peroxide or other oxidizing ROS to give
the fluorescent 2’,7’-dichlorofluorescein (DCF). As shown in Figure 5, LA significantly
increased the Ca2+ dependent ROS generation in mitochondria in a time dependent man-
ner. This ROS generation was further suppressed in the presence of cyclosporine A (data
not shown).

Effect of LA on the redox state of the critical thiol groups of ANT

ANT is an important component in ADP/ATP exchange across the inner membranes of
mitochondria. ANT has three critical thiol groups; the cross linking between Cys160 and
Cys257 increases the affinity of cyclophilin D to ANT, thereby inducing MPT (35). Since
the presence of Ca2+ enhances the oxidation of these thiol groups (17), we examined the
effect of LA on the redox state of ANT. ANT was prepared from intact mitochondria
bound to phenylarsine oxide-conjugated agarose by a mechanism that was inhibited by

α-LIPOIC ACID STIMULATES MPT 9

FIGURE 4. Enhancement of ROS generation in mitochondria by LA. A) Effect of LA on H2O2
generation induced by Ca2+. Mitochondria (0.1 mg protein /ml) were incubated according to a stan-
dard procedure in the presence of 5 µM rotenone. Reaction was started as described in the text with
or without 1 µM cyclosporine A. Changes in the fluorescence intensity were measured at 590 nm
with excitation at 550 nm. B) Effect of LA on ROS generation induced by Ca2+. Mitochondria (0.1
mg protein /ml) were incubated according to the standard procedure in the presence of 1 mM Pi,
2.5 mM succinate and 100 µM L-012. ROS generation was induced by adding 20 µM Ca2+, and 
L-012 CHL was monitored using a Luminometer. Similar results were obtained in three separate
experiments.
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pretreating mitochondria with Ca2+ (Figure 6A). High concentrations of LA inhibited the
binding of ANT to the agarose (Figure 6B). The inhibitory effect of Ca2+ on the binding
of ANT to the agarose was increased by LA but suppressed by cyclosporine A (Figure 6A
and C).

Effect of LA on Ca2+-induced membrane depolarization

Cyclosporine A-sensitive MPT, characterized by depolarization and swelling, requires
Ca2+ and biological energy. In the presence of Pi and succinate, Ca2+ stimulated the de-
polarization of mitochondrial inner membranes (Figure 7A). LA enhanced the Ca2+-in-
duced depolarization in a concentration dependent manner (Figure 7B).

Effect of LA on Ca2+-induced mitochondrial swelling

To get further insight into the mechanism of LA-stimulated MPT, the effect of LA on
Ca2+-induced mitochondrial swelling was examined. In the absence of Ca2+, LA had no
appreciable effect on mitochondria (Figure 8A). However, LA enhanced the Ca2+-induced
mitochondrial swelling in a concentration-dependent manner (Figure 8B). The enhancing
effect of LA depended on the time of preincubation. It has been reported that DHLA en-
hances Ca2+-induced mitochondrial swelling in the presence of pyruvate but not in the
presence of rotenone plus succinate (20). However, preliminary experiments in this labo-
ratory showed that the extent of LA enhancement was slightly lower in the presence of
rotenone plus succinate than that of pyruvate (data not shown).

α-LIPOIC ACID STIMULATES MPT 11

+ 20 µM
 LA

Cont + 5                 + 20        + 50   (µM)

LA

ANT-SH

A

B

C

 20 µM
  Ca 2+Cont

ANT-SH

Cont
20 µM 
 Ca2+

+ 1 µM
  CsA

ANT-SH

FIGURE 6. Effect of LA on oxidation of ANT thiol groups. Mitochondria (2 mg protein /ml) were
incubated according to the standard procedure at 25°C for 10 min in the presence of 1 mM Pi and
2.5 mM succinate. The oxidation of ANT thiol groups was induced by 20 µM Ca2+ or 5 ~ 50 µM
LA in the presence or absence of 1 µM cyclosporine A (CsA). ANT-SH band showed amount of re-
duced ANT thiol groups. A) Oxidation of ANT thiol groups by 20 µM Ca2+ and its sensitivity to
cyclosporine A. B) Concentration dependent oxidation of ANT thiol groups by LA. C) Stimulation
of ANT thiol group oxidation in the presence of Ca2+. Similar results were obtained in three sepa-
rate experiments.
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Effect of LA on Ca2+-induced cytochrome c release

It is well known that Ca2+-induced swelling is accompanied by cytochrome c release by
a cyclosporine A-sensitive mechanism (17). Mitochondrial swelling and cytochrome c re-
lease were induced by a low concentration of Ca2+ (~7 µM) but not by its high concen-
trations (>50 µM). LA also had no appreciable effect on the induction of mitochondrial
swelling and cytochrome c release. However, LA stimulated Ca2+-induced mitochondrial
swelling with the concomitant release of cytochrome c by a cyclosporine A-sensitive
mechanism (Figure 9A and B).

Effect of LA, cyclosporine A and α-tocopherol on hydroxyl radical-induced MPT

We previously reported that the hydroxyl radical induced the cyclosporine A-sensitive
swelling of mitochondria (36). To test whether LA affected hydroxyl radical-induced
MPT, its effect on mitochondrial swelling induced by Fe2+/H2O2 was examined. 
LA enhanced the hydroxyl radical-induced swelling of the mitochondria in a concentra-
tion dependent- and cyclosporine A-sensitive mechanism (Figure 10A). Moreover,
α-tocopherol suppressed the LA-enhanced and Fe2+/H2O2-induced mitochondrial 
swelling in a concentration-dependent manner (Figure 10B). In this context, we previously

α-LIPOIC ACID STIMULATES MPT 13

FIGURE 8. Effect of LA on Ca2+-induced mitochondrial swelling. Mitochondria (0.1 mg protein
/ml) were incubated according to the standard procedure and their swelling was monitored spec-
trophotometrically at 540 nm. Mitochondrial swelling was induced by adding Ca2+. A) Effect of
preincubation time with LA before the addition of 5 µM Ca2+. B) Concentration dependent stimu-
lation by LA of Ca2+-induced swelling. Similar results were obtained in three separate trials.
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reported that 50 µM 17β-estradiol suppressed the Fe2+/H2O2-induced MPT (37). Thus, we
also examined the effect of 17β-estradiol on LA- and Fe2+/H2O2-induced mitochondrial
swelling and observed a similar suppressing effect of the steroid hormone (data not shown).

Discussion

Apoptosis triggered by dramatic changes of mitochondrial functions is important not only
for embryonic development and the maintenance of tissue homeostasis, but also in the
pathogenesis of various diseases (38, 39, 40, 41). The present work describes that LA en-
hanced the Ca2+-induced classical MPT (CMPT) in isolated rat liver mitochondria, a pre-
requisite step to apoptosis, by activating the ‘‘external pathway’’ of NADH oxidase.
CMPT is characterized by a dependency on energy metabolism, a decrease in mitochon-
drial capacity to accumulate Ca2+, changes of inner membranes induced by binding of
Ca2+ to cardiolipin, ROS generation, oxidation of critical thiol groups in ANT, and the

α-LIPOIC ACID STIMULATES MPT 15

FIGURE 10. Effect of LA on the Fe2+/H2O2ñinduced mitochondrial swelling and sensitivity to cy-
closporine A and α-tocopherol. Mitochondria (0.1 mg protein /ml) were incubated according to the
standard procedure in the presence of 1 mM Pi, 2.5 mM succinate and 2 µM rotenone at 25°C.
Swelling was induced by 10 µM Fe2+/100 µM H2O2 plus LA in the presence or absence of 1 µM
cyclosporine A (CsA) or various concentrations of α-tocopherol (VE). LA was added before the ad-
dition of Fe2+/H2O2. A) LA concentration dependent increase in Fe2+/H2O2 induced mitochondrial
swelling and its sensitivity to CsA. B) Concentration dependent suppression of Fe2+/H2O2 plus 
LA-induced mitochondria swelling by VE and its sensitivity to CsA. Similar results were obtained in
three separate experiments.



induction of swelling by a cyclosporine A-sensitive mechanism (42, 43). The opening of
MPT releases cytochrome c and apoptosis-related proteins from mitochondria into cytosol
and activates the caspase cascade, thereby inducing apoptosis of cells (42, 44). Thus, mi-
tochondria play critical roles in determining both the survival and death of a wide variety
of cells. The present work shows that LA enhanced all these events of CMPT induced by
Ca2+. LA also enhanced Fe2+/H2O2-induced MPT by a Ca2+-dependent and cyclosporine
A-sensitive mechanism. 

It should be noted that mitochondria are the potential site for ROS generation and ROS
function as second messengers in cells that mediate signals from mitochondria to the cy-
toplasm and nucleus. Several studies have provided information concerning the antioxi-
dant activity of LA (1, 4, 5), and LA supplementation was found to decrease oxidative
stress and restore the reduced levels of other antioxidants in vivo (11). It has been known
that Ca2+ loading in mitochondria modulates the electron transport system and enhances
their generation of ROS (16, 17, 42). In the presence of Pi, succinate and a low concen-
tration of Ca2+, LA increased the state 4 respiration of mitochondria but decreased their
RCR and ADP/O ratio. These uncoupling effects of LA were coupled with the enhanced
generation of ROS in mitochondria (see Figure 4 and 5).

Recently, it has been reported that cells rapidly take up and reduce LA to DHLA by
NADPH or NADP and release DHLA into the incubation medium (45). LA in mitochon-
dria was also reduced to DHLA to enhance MPT through its prooxidant activity (23) and
stimulate the Ca2+-induced mitochondrial swelling in the presence of pyruvate but not
succinate and rotenone, suggesting that LA might function as a cofactor for α-ketoacid
decarboxylation (20). Furthermore, it has been reported that DHLA enhances MPT by
DHLA-induced prooxidants, such as superoxide and related free radicals, via a mecha-
nism that was inhibited by radical scavengers, including 2,2,6,6-tetramethylperidine-N-
oxyl and 2,6-di-tert-butyl-4-methylphenol (20, 21). However, in a preliminary experiment
in this laboratory, we observed the stimulated MPT by DHLA in the presence of succi-
nate plus rotenone. We could not find evidence to support the hypothesis that these free
radical scavengers suppressed the MPT induced by LA and Ca2+, either. In this context,
we found that LA stimulated the hydroxyl radical-induced MPT in α-tocopherol and 17β-
estradiol sensitive mechanism. These antioxidants protected mitochondria from
Fe2+/H2O2-derived hydroxyl radicals but not MPT (36, 37). Therefore, these results indi-
cate that both forms of LAs stimulated Ca2+-induced MPT and ROS generation, and that
their redox state is not important for the stimulation of MPT and ROS generation. How-
ever, the discrepancy of substrate dependency, such as pyruvate or rotenone plus succi-
nate, between these experiments should be studied further. 

It has been postulated that Ca2+-induced CMPT is coupled with the activation of the
‘‘external pathway’’ of NADH oxidation (32, 33). The pathway of NADH oxidation in-
cludes NADH specific flavoprotein Fp5 and cytochrome b5 in the outer membranes, the
inter-membranous electron transport, and cytochrome c oxidase in the inner membranes
(46). The ‘‘external pathway’’ is not active in intact liver mitochondria, but is activated by
rupture of the outer membranes (46). Since Ca2+-induced and LA-enhanced mitochondr-
ial swelling occurred before the oxidation of PN (see Figure 2B), nucleotide oxidation by
the ‘‘external pathway’’ is not a cause of MPT. It has been reported that LA stimulated the
release of Ca2+ strongly when PN are oxidized (47). In this context, we observed that the
enhancement of Ca2+-induced mitochondrial swelling required preincubation of mito-
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chondria with LA. This observation seems to suggest the requirement of the reduction of
LA in cells and/or the increase in intramitochondrial Ca2+ to induce effective swelling (see
Figure 8). Thus, further study is necessary to understand the roles of LAs and the ‘‘exter-
nal pathway’’ in the regulation of MPT.

MPT pore opening is stimulated by prooxidants that oxidize the critical thiol groups of
ANT (17, 48), but inhibited by compounds that reduce the thiol groups (41, 48). Thus,
disulfide LA and dithiol DHLA are expected to affect MPT. In fact, LA oxidized the thiol
groups of ANT. However, DHLA also stimulated the Ca2+-induced MPT (20, 21, 22, 23).
Thus, both LA and DHLA seem to function as prooxidants. Since the two compounds un-
dergo redox cycling between reduced and oxidized forms (45), they might exhibit activ-
ity as antioxidants as well as oxidants depending on the conditions in the cells (49). We
previously showed that, in the presence of Pi and succinate, Ca2+ stimulated the oxidation
of ANT thiol groups (17). The present work shows that LA stimulated the oxidation of
ANT thiol groups at concentrations higher than 50 µM (see Figure 6). In this case, con-
tent of total ANT in mitochondria was not affected by the treatment with LA (data not
shown). It has been reported that relatively high concentrations of LA (50~500 µM) pref-
erentially oxidize vicinal thiol groups in various proteins, including NADPH-cytochrome
P450 reductase (50). It was also reported that LA is readily absorbed from the diet, trans-
ported to cells and reduced to DHLA (51). Thus, LA and DHLA might affect the redox
state of critical thiols of ANT, thereby modulating MPT.

Calcium status in cells plays important roles in the regulation of cell functions. Uptake
of large amounts of cytosolic Ca2+ by mitochondria elicits MPT; loading and release of
Ca2+ across mitochondrial membranes are early events of Ca2+ -induced MPT (42, 52).
Since LA decreased mitochondrial capacity to load Ca2+ and enhanced their swelling, Ca2+

loading might trigger the LA-induced MPT. In the presence of rotenone and succinate, cy-
closporine A inhibited the effect of LA to stimulate the Ca2+- and hydroxyl radical-induced
MPT. Thus, cyclosporine A seems to affect not only the opening of MPT pores by binding
to cyclophilin D, but also the initial step of MPT including Ca2+ loading and release from
mitochondria (35, 42, 47, 53). Thus, LA might affect the initial step of MPT including
mitochondrial loading of Ca2+ rather than inhibiting the generation of ROS. A preliminary
experiment in this laboratory revealed that rats died within 3 days after administration of
1.5 g LA/kg. The LA concentrations used in this experiment were fairly low as compared
to its lethal dose. These results suggest that LA stimulates apoptosis of certain cells. In fact,
the prooxidant activity of LA has been reported to induce apoptosis of human colon can-
cer cells by an increased uptake of oxidizable substrates into mitochondria (54). Further-
more, tumor cell lines but not non-transformed cell lines undergo apoptosis following
exposure to LA (55). Thus, the specificity of proapoptotic effects of LA on the transformed
cell lines supports the therapeutic potential of LA for the treatment of patients with cancer
(55). Since fairly high doses of LA have been used as a dietary supplement, the possible
occurrence of such side effects including mitochondrial dysfunction and induction of apop-
tosis in normal tissues should be studied further. The present findings indicate that LA
stimulates an initial step of CMPT in mitochondria and that such properties should be
taken into account in using LA and related compounds as dietary supplements.

The work was supported, in part, by grants from the Ministry of Education, Science and Literature,
and funds of Tateyama Kasei Co. Ltd. and Eisai Co. Ltd.

α-LIPOIC ACID STIMULATES MPT 17



References

1. Smith, A.R., Shenvi, S.V., Widlansky, M., Suh, J.H. and Hagen, T.M. (2004) Lipoic acid as
a potential therapy for chronic diseases associated with oxidative stress. Curr. Med. Chem. 11:
1135–1146. 

2. Perham, R.N., Borges, A., Dardel, F., Graham, L.D., Hawkins, C.F., Laue, E.D. and Packman,
L.C. (1992) The lipoyl domain and its role in thiamin diphosphate-dependent oxidative de-
carboxylation. J. Nutr. Sci. Vitaminol (Tokyo). Spe No: 457–460. 

3. Harris, J.B., Alonso, D., Park, O.H., Cornfield, D. and Chacin, J. (1975) Lipoate effect on
carbohydrate and lipid metabolism and gastric H+ secretion. Am. J. Physiol. 228: 964–971.

4. Bast, A. and Haenen, G.R. (2003) Lipoic acid: a multifunctional antioxidant. Biofactors. 17:
207–213.

5. Packer, L. (1998) Alpha-Lipoic acid: a metabolic antioxidant which regulates NF-kappa B
signal transduction and protects against oxidative injury. Drug. Metab. Rev. 30: 245–275.

6. Patrick, L. (2002) Mercury toxicity and antioxidants: Part 1: role of glutathione and alpha-
lipoic acid in the treatment of mercury toxicity. Altern. Med. Rev. 7: 456–471.

7. Jayanthi, S. and Varalakshmi, P. (1992) Tissue lipids in experimental calcium oxalate lithi-
asis and the effect of DL alpha-lipoic acid. Biochem. Int. 26: 913–921.

8. Rezk, B.M., Haenen, G.R., van der Vijgh, W.J. and Bast, A. (2004) Lipoic acid protects ef-
ficiently only against a specific form of peroxynitrite-induced damage. J. Biol. Chem. 279:
9693–9697.

9. Peter, G. and Borbe, H.O. (1995) Absorption of [7,8-14C]rac-a-lipoic acid from in situ lig-
ated segments of the gastrointestinal tract of the rat. Arzneimittelforschung 45: 293–299.

10. Farr, S.A., Poon, H.F., Dogrukol-Ak, D., Drake, J., Banks, W.A., Eyerman, E., Butterfield,
D.A. and Morley, J.E. (2003) The antioxidants alpha-lipoic acid and N-acetylcysteine re-
verse memory impairment and brain oxidative stress in aged SAMP8 mice. J. Neurochem. 84:
1173–1183. 

11. Hagen, T.M., Moreau, R., Suh, J.H. and Visioli, F. (2002) Mitochondrial decay in the aging
rat heart: evidence for improvement by dietary supplementation with acetyl-L-carnitine and/or
lipoic acid. Ann. N. Y. Acad. Sci. 959: 491–507.

12. Halestrap, A.P., McStay, G.P. and Clarke, S.J. (2002) The permeability transition pore com-
plex: another view. Biochimie. 84: 153–166.

13. Tatton, W.G. and Olanow, C.W. (1999) Apoptosis in neurodegenerative diseases: the role of
mitochondria. Biochim. Biophys. Acta. 1410: 195–213.

14. Brustovetsky, N., Brustovetsky, T., Jemmerson, R. and Dubinsky, J.M. (2002) Calcium-in-
duced cytochrome c release from CNS mitochondria is associated with the permeability tran-
sition and rupture of the outer membrane. J. Neurochem. 80: 207–218. 

15. Scorrano, L., Petronilli, V., Colonna, R., Di, Lisa, F. and Bernardi, P. (1999) Chloromethyl-
tetramethylrosamine (Mitotracker Orange) induces the mitochondrial permeability transition
and inhibits respiratory complex I. Implications for the mechanism of cytochrome c release.
J. Biol. Chem. 274: 24657–24663.

16. Kowaltowski, A.J., Castilho, R.F. and Vercesi, A.E. (2001) Mitochondrial permeability tran-
sition and oxidative stress. FEBS. Lett. 495: 12–15.

17. Kanno, T., Sato, E.F., Muranaka, S., Fujita, H., Fujiwara, T., Utsumi, T., Inoue, M. and Ut-
sumi, K. (2004) Oxidative stress underlies the mechanism for Ca(2+)-induced permeability
transition of mitochondria. Free. Radic. Res. 38: 27–35.

18. Halestrap, A.P., Woodfield, K.Y. and Connern, C.P. (1997) Oxidative stress, reagents, and
membrane potential modulate the mitochondrial permeability transition by affecting nu-
cleotide binding to the adenine nucleotide translocase. J. Biol. Chem. 272: 3346–3354.

19. Han, D., Tritschler, H.J. and Packer, L. (1995) Alpha-lipoic acid increases intracellular glu-
tathione in a human T-lymphocyte Jurkat cell line. Biochem. Biophys. Res. Commun. 207:
258–264.

18 AOYAMA et al.



20. Morkunaite-Haimi, S., Kruglov, A.G., Teplova, V.V., Stolze, K., Gille, L., Nohl, H. and Saris,
N.E. (2003) Reactive oxygen species are involved in the stimulation of the mitochondrial
permeability transition by dihydrolipoate. Biochem. Pharmacol. 65: 43–49. 

21. Morkunaite, S., Teplova, V.V. and Saris, N.E. (2000) Mechanism of dihydrolipoate stimula-
tion of the mitochondrial permeability transition: effect of different respiratory substrates.
IUBMB. Life 49: 211–216.

22. Saris, N.E., Karjalainen, A., Teplova, V.V. and Lindros, K.O. (1998) The stimulation of the
mitochondrial permeability transition by dihydrolipoate and alpha-lipoate. Biochem. Mol.
Biol. Int. 44: 127–134.

23. Moini, H., Packer, L. and Saris, N.E. (2002) Antioxidant and prooxidant activities of alpha-
lipoic acid and dihydrolipoic acid. Toxicol. Appl. Pharmacol. 182: 84–90.

24. Aono, K., Shiraishi, N., Arita, T., Inoue, B., Nakazawa, T. and Utsumi, K. (1981) Changes
in mitochondrial function by lipid peroxidation and their inhibition by biscoclaurine alkaloid.
Physiol. Chem. Phys. 13: 137–144. 

25. Utsumi, T., Okuma, M., Kanno, T., Takehara, Y., Yoshioka, T., Fujita, Y., Horton, A.A. and Ut-
sumi, K. (1995) Effect of the antiretroviral agent hypericin on rat liver mitochondria.
Biochem. Pharmacol. 50: 655–662. 

26. Mohanty, J.G., Jaffe, J.S., Schulman, E.S. and Raible, D.G. (1997) A highly sensitive
fluorescencnt micro-assay of H2O2 release from activeated human leukocytes using a dihy-
droxyphenoxazine derivative. J. Immuno. Methods. 202: 133–141.

27. Imada, I., Sato, E. F., Miyamoto, M., Ichimori, Y., Minamiyama, Y., Konaka, R. and Inoue, M.
(1999) Analysis of reactive oxygen species generated by neutrophils using a chemilumines-
cence prove L-012. Anal. Biochem. 271: 53–58.

28. Mattiasson, G. (2004) Flow cytometric analysis of isolated liver mitochondria to detect
changes relevant to cell death. Cytometry A.60: 145–154.

29. Mattiasson, G. (2004) Analysis of mitochondrial generation and release of reactive oxygen-
species. Cytometry A.62: 89–96.

30. Nishikimi, A., Kira, Y., Kasahara, E., Sato, E.F., Kanno, T., Utsumi, K. and Inoue, M. (2001)
Tributyltin interacts with mitochondria and induces cytochrome c release. Biochem. J. 356:
621–626.

31. Furuno, T., Kanno, T., Arita, K., Asami, M., Utsumi, T., Doi, Y., Inoue, M. and Utsumi, K.
(2001) Roles of long chain fatty acids and carnitine in mitochondrial membrane permeabil-
ity transition. Biochem. Pharmacol. 62: 1037–1046.

32. Knorre, D.A., Dedukhova, V.I., Vyssokikh, M.Y. and Mokhova, E.N. (2003) Cyclosporin A-
sensitive cytochrome c release and activation of external pathway of NADH oxidation in liver
mitochondria due to pore opening by acidification of phosphate-containing incubation
medium. Biosci. Rep. 23: 67–75.

33. Starkov, A.A., Markova, O.V., Mokhova, E.N., Arrigoni-Martelli, E. and Bobyleva, V.A.
(1994) Fatty acid-induced Ca(2+)-dependent uncoupling and activation of external pathway
of NADH oxidation are coupled to cyclosporin A-sensitive mitochondrial permeability transi-
tion. Biochem. Mol. Biol. Int. 32: 1147–1155.

34. Afri, M., Frimer, A.A. and Cohen, Y. (2004) Active oxygen chemistry within the liposomal
bilayer. Part IV: Locating 2’,7’-dichlorofluorescein (DCF), 2’,7’-dichlorodihydrofluorescein
(DCFH) and 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) in the lipid bilayer.
Chem. Phys. Lipids. 131: 123–133. 

35. McStay, G.P., Clarke, S.J. and Halestrap, A.P. (2002) Role of critical groups on the matrix
surface of the adenine nucleotide translocase in the mechanism of the mitochondrial perme-
ability transition pore. Biochem. J. 367(Pt2): 541–548.

36. Yorimitsu, M., Muranaka, S., Sato, E.F., Fujita, H., Abe, K., Yasuda, T., Inoue, M. and Utsumi,
K. (2004) Role of alpha-tocopherol in the regulation of mitochondrial permeability transi-
tion. Physiol. Chem. Phys. & Med. NMR 36: 95–107.

37. Miyaguchi, C., Muranaka, S., Kanno, T., Fujita, H., Akiyama, J., Yoshioka, T. and Yasuda,
T. (2004) 17beta-estradiol suppresses ROS-induced apoptosis of CHO cells through inhibi-

α-LIPOIC ACID STIMULATES MPT 19



tion of lipid peroxidation-coupled membrane permeability transition. Physiol. Chem. Phys.
Med. NMR. 36: 21–35.

38. Shi, L., Kraut, R.P., Aebersold, R. and Greenberg, A.H. (1992) A natural killer cell granule
protein that induces DNA fragmentation and apoptosis. J. Exp. Med. 175: 553–566.

39. Shi, L., Kam, C.M., Powers, J.C., Aebersold, R. and Greenberg, A.H. (1992) Purification of
three cytotoxic lymphocyte granule serine proteases that induce apoptosis through distinct
substrate and target cell interactions. J. Exp. Med. 176: 1521–1159.

40. Shi, L., Mai, S., Israels, S., Browne, K., Trapani, J.A. and Greenberg, A.H. (1997)
Granzyme B (GraB) autonomously crosses the cell membrane and perforin initiates apoptosis
and GraB nuclear localization. J. Exp. Med. 185: 855–866.

41. Zoratti, M. and Szabo, I. (1995) The mitochondrial permeability transition. Biochim. Bio-
phys. Acta. 1241: 139–176.

42. Petrosillo, G., Ruggiero, F.M., Pistolese, M. and Paradies, G. (2004) Ca2+-induced reactive
oxygen species production promotes cytochrome c release from rat liver mitochondria via mi-
tochondrial permeability transition (MPT)-dependent and MPT-independent mechanisms: role
of cardiolipin. J. Biol. Chem. 279: 53103–53108. 

43. Fujita, H., Okimura, Y., Fujiwara, T., Utsumi, T., Kitamura, A., Kuroki, H., Kashiwagi, A. and
Utsumi, K. (2006) 4-OH-3,5, 3’,4’-Tetrchlorobihenyl induced membrane permeability tran-
sition in isolated mitochondria. Clinical Biochemistry and Nutrition 38: 167–175.

44. Kushnareva, Y.E., Haley, L.M. and Sokolove, P.M. (1999) The role of low (<or = 1 mM)
phosphate concentrations in regulation of mitochondrial permeability: modulation of matrix
free Ca2+ concentration. Arch. Biochem. Biophys. J. 363: 155–162.

45. Jones, W., Li, X., Qu, Z.C., Perriott, L., Whitesell, R.R. and May, J.M. (2002) Uptake, re-
cycling, and antioxidant actions of alpha-lipoic acid in endothelial cells. Free. Radi. Biol.
Med. 33: 83–93.

46. Lemeshko, V.V. (2002) Cytochrome c sorption-desorption effects on the external NADH ox-
idation by mitochondria: experimental and computational study. J. Biol. Chem. 277:
17751–17757.

47. Schweizer, M. and Richter, C. (1996) Stimulation of Ca2+ release from rat liver mitochon-
dria by the dithiol reagent alpha-lipoic acid. Biochem. Pharmacol. 52: 1815–1820.

48. Chernyak, B.V. and Bernardi, P. (1996) The mitochondrial permeability transition pore is
modulated by oxidative agents through both pyridine nucleotides and glutathione at two sep-
arate sites. Eur. J. Biochem. 238: 623–630.

49. Konrad, D. (2005) Utilization of the insulin-signaling network in the metabolic actions of
alpha-lipoic acid-reduction or oxidation? Antioxid. Redox. Signal 7: 1032–1039.

50. Slepneva, I.A., Sergeeva, S.V. and Khramtsov, V.V. (1995) Reversible inhibition of NADPH-
cytochrome P450 reductase by alpha-lipoic acid. Biochem. Biophys. Res. Commun. 214:
1246–1253.

51. Cakatay U. Pro-oxidant actions of alpha-lipoic acid and dihydrolipoic acid. (2006) Med
Hypotheses. 66: 110–117.

52. Korge, P., Honda, H.M. and Weiss, J.N. (2001) Regulation of the mitochondrial permeabil-
ity transition by matrix Ca(2+) and voltage during anoxia/reoxygenation. Am. J. Physiol. Cell.
Physiol. 280: 517–526.

53. Waldmeier, P.C., Zimmermann, K., Qian, T., Tintelnot-Blomley, M. and Lemasters, J.J. (2003)
Cyclophilin D as a drug target. Curr. Med. Chem. 10: 1485–1506.

54. Wenzel, U., Nickel, A., and Daniel, H. (2005) alpha-Lipoic acid induces apoptosis in 
human  colon cancer cells by increasing mitochondrial respiration with a concomitant 
O2-*-generation. Apoptosis. 10: 359–368, 2005.

55. van de Mark, K., Chen, J.S., Steliou, K., Perrine, S.P. and Faller, D.V. (2003) Alpha-lipoic
acid induces p27Kip-dependent cell cycle arrest in non-transformed cell lines and apoptosis
in  tumor cell lines. J. Cell Physiol. 194: 325–340.

Received August 23, 2006;
accepted September 12, 2006.

20 AOYAMA et al.



Abbreviations: Con A - Concanavalin A; GPx - glutathione peroxidase; GSH - glu-
tathione; IL - interleukin; INF γ - interferon-γ; LPS - lipopolysaccharide; MALP-2 -
macrophage-activating lipopeptide-2; NF-κB - nuclear factor-κB; NK - natural killer; 
O2

− - superoxide anion radicals; ·OH - hydroxyl radicals; ROS - Reactive oxygen species;
SOD - superoxide dismutase; TNF-α - tumor necrosis factor-α.
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Abstract: We have previously determined by using immune-assay or bio-assay methods that low-
dose irradiation enhances immune and anti-oxidation functions. In this study, we examined histo-
logical changes of lymphatic follicles at 4, 24, or 48 hrs after sham, 0.25, 0.5, or 15 Gy irradiation
in the spleens of BALB/c mice, which are sensitive to radiation compared with other strains, and
C57BL/6J mice, which are resistant to radiation, using hematoxylin-eosin staining for lymphatic
follicles or methylgreen pyronin staining for plasma cells. Results show that the lymphatic follicles
in the spleens of the two mouse strains decreased at 24 or 48 hrs after 15 Gy irradiation. The num-
ber of plasma cells in the spleens of sham irradiated BALB/c mice was greater than that of sham ir-
radiated C57BL/6J mice. At 4 hrs after 0.25 Gy irradiation, plasma cells increased in the spleens of
the two mouse strains. These findings suggest, by histology, that low-dose irradiation activates the
plasma cells and enhances the immune function. Although those two mouse strains have different
sensitivities to radiation, the above changes were similar in both time course and degree of response.
Therefore, the phenomena observed may be common in mice.

KEY WORDS: low-dose X-irradiation, BALB/c mice, C57BL/6J mice, plasma cell, lymphatic
follicle 



REACTIVE OXYGEN species (ROS) are generated in vivo by ionizing radiation, stress
or chemical agents. Most effects of the ionizing radiation are also mediated by reactive
oxygen species such as superoxide anion radicals (O2

−) or hydroxyl radicals (·OH). 
Low-dose irradiation, however, possesses different effects inducing radioadaptive re-
sponses (1) and activation of the antioxidant function (2–5). Yamaoka et al. (6,7) and
Nomura et al. (8) reported that low-dose irradiation also reduced the carbon tetrachlo-
ride-induced or ferric-nitrilotriacetate-induced liver damage in mice. It is well known
that low-dose irradiation induces activation of the immune function (9,10). Kojima
(11–13) and Aneta (14) reported that the induction of endogenous glutathione or an anti-
oxidative substance immediately after low-dose irradiation is at least partially responsi-
ble for the appearance of enhanced natural killer (NK) activity and that the suppression
of experimental tumor metastases is primarily due to the stimulation of the cytolytic
function of NK cells by irradiation. Mitogen-induced proliferative response of lympho-
cyte is inhibited by ROS through alteration of membrane thiol groups, and antioxidants
such as glutathione (GSH) modulate the extent of these alterations (15–17). Immune
function is generally lowered concomitantly with elevation of ROS formation and lipid
peroxidation with aging (18). 

The studies described above were performed primarily by immune assay or bio assay.
There are little histological studies on the immune responses, especially the histological
changes of lymphocytes, induced by low-dose irradiation in lymphoid tissues. Consider-
ing this background, we examined histological changes of splenic lymphatic follicles after
X-irradiation in two strain mice with different sensitivities to radiation. 

Materials and Methods

Animal models

The two strains of mice used were BALB/c, which is sensitive to radiation compared with
other strains, and C57BL/6J, which is resistant to radiation. Animals were kept in a con-
trolled environment (temperature: 20°C, humidity: 60%) at the Animal Center for Medi-
cal Research, Okayama University Medical School. They were fed on Oriental MF diet
(Oriental Yeast Co., Tokyo) and tap water ad libitum. Approval from the affiliated bodies
for animal experiments was received.

At seven to eight weeks of age (about 20 g of body weight), the mice received whole
body X-ray irradiation of either 0.25, 0.5 (low-dose) or 15 Gy (high-dose) at a dose rate
of 0.75 Gy/min of X-rays (voltage: 150 keV, ampere: 20 mA, filters: Cu:Al=0.2 mm:0.5
mm). Animals in control groups were irradiated falsely (sham irradiation) and treated sim-
ilarly at the same time intervals (4, 24 or 48 hrs after sham irradiation) in order to exam-
ine the effect of stresses other than irradiation. Each mouse was sacrificed at 4, 24, or 48
hrs after irradiation by a cervical vertebra dislocation. 

Assay

The spleen, a radio-sensitive organ, was excised, weighed, and divided into small blocks.
These blocks were fixed in 10% neutral-buffered formalin, dehydrated by graded ethanol
and xylene, and embedded in paraffin. Tissue paraffin sections of the spleens were pre-
pared using a microtome (Department of Radiation Research, Shikata Laboratory Ad-
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vanced Science Research Center, Okayama University) and stained conventionally with
hematoxylin-eosin (HE) or especially with methylgreen pyronin for plasma cell detection.
We calculated the ratio of the plasma cells.

Statistical analysis

The data values are presented as the mean ± the standard error of mean (SEM). The sta-
tistical significance of differences was determined with Student’s t-test.

Results

Morphological changes after irradiation                 

In C57BL/6J mice, spleens became atrophied at 24 or 48 hrs after 15 Gy irradiation, while
at 4 hrs after 15 Gy and at each time interval thereafter 0.25 or 0.5 Gy irradiation, mor-
phological changes were not observed. We also compared the variously-irradiated spleen
weight to the sham irradiated control weight at each time interval in the mice strain. The
weight of spleens at 24 or 48 hrs after 15 Gy irradiation decreased by 49% and 52%, re-
spectively (Figure 1).

Histological changes caused by 0.25, 0.5, or 15 Gy irradiation (HE staining)

No significant changes were observed in the lymphatic follicles of the spleens in either
BALB/c mice or C57BL/6J mice at 4, 24, or 48 hrs after 0.25 or 0.5 Gy irradiation. The
splenic lymphatic follicles, however, were sharply decreased at 24 or 48 hrs after 15 Gy
irradiation in the two mouse strains (Figure 2-1, 2-2).

Histological changes caused by 0.25, 0.5, or 15 Gy irradiation 
(Methylgreen pyronin staining)

Plasma cells in the spleens were observed more in the sham irradiated BALB/c mice
spleens than in the sham irradiated C57BL/6J mice. Although the plasma cells in the
spleen increased at 4 hrs after 0.25 Gy irradiation in the two mouse strains, little differ-
ence of the cell population was observed between the two mouse strains. Also no signifi-
cant changes of the cell population in the spleens were observed at 24 or 48 hrs after 0.25
Gy irradiation in either strain of mice. At 24 or 48 hrs after 15 Gy irradiation, plasma cells
were sharply decreased in the spleens of BALB/c mice and C57BL/6J mice. There were
no changes of the plasma cell population in either strain mice at 4, 24, or 48 hrs after 0.5
Gy irradiation (Figure 3-1, 3-2).

Discussion

We have reported that low-dose X-irradiation or low level radon inhalation reduced the
lipid peroxide of adult animals to levels similar to those of juvenile animals (2–5). These
mechanisms involve the induction of superoxide dismutase (SOD) which dismutated O2

−

to hydrogen peroxide (H2O2), catalase and glutathione peroxidase (GPx) which also
detoxicated H2O2 into H2O and O2. These anti-oxide enzymes increase after low-dose ir-
radiation. Low-dose irradiation causes the production of a small amount of O2

− in vivo;
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FIGURE 1. Temporal changes of morphology (A) and weights (B) in C57BL/6J mice spleens after
sham, 0.25 Gy, 0.5 Gy, or 15 Gy irradiation. Percentage of spleen weight to whole body weight at
each time interval. Each value indicates the mean ± SEM. N = 3 – 4. ***Significantly different from
the sham irradiated control group at P < 0.001. 
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FIGURE 2-1. Differences
in lymphatic follicles of
spleens in BALB/c mice
(A) and C57BL/6J mice
(B) under sham irradiation
(a), 4 hrs after 0.25 Gy ir-
radiation (b), 4 hrs after
0.5 Gy irradiation (c), or
24 hrs after 15 Gy Irradia-
tion (d). The length of
scale bar is 80 µm. HE
staining was used for the
detection of lymphatic fol-
licles.

FIGURE 2-2. Differences in lymphocytes of spleens in
BALB/c mice under sham irradiation (a) or 24 hrs after
15 Gy Irradiation (d). The length of scale bar is 30 µm.
HE staining was used for the detection of lymphocytes.
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FIGURE 3-1. Differences
in plasma cells of spleens
in BALB/c mice (A) and
C57BL/6J mice (B) under
sham irradiation (a), 4 hrs
after 0.25 Gy irradiation
(b), 4 hrs after 0.5 Gy irra-
diation (c), or 24 hrs after
15 Gy irradiation (d). The
length of scale bar is 30
µm. Methylgreen pyronin
staining was used for the
detection of plasma cells.

FIGURE 3-2. Ratio of plasma cells in
spleens of BALB/c mice and C57BL/6J
nice under sham irradiation (a) or 0.25
Gy irradiation (b). Each value indicates
the mean ± SEM. N = 3 . *Significantly
different from sham irradiated control
group at P<0.05.



therefore, anti-oxidizing substances are induced. Therefore, activities of both SOD and
GPx in the spleens of BALB/c mice and C57BL/6NJcl mice were found to be enhanced
after low-dose X-irradiation. On the other hand, in the case of 4 Gy irradiation, activities
of both SOD and GPx significantly decreased (19). A large quantity of the reactive oxy-
gen in living bodies produced by high-dose irradiation seems to have deactivated the two
species of enzymes.

There have been many reports concerning the effects of ionizing radiation on the en-
hancement of immune function (9,10) namely, Concanavalin A (Con A)-induced mitogen
response of splenocytes 4 hrs after low-dose irradiation (9). However, there is no histo-
logical study on immune responses to low-dose irradiation. In the present study, we
examined histological changes of lymphatic follicles after low-dose irradiation in the
spleens of BALB/c mice and C57BL/6J mice. The lymphatic follicles decreased at 24 or
48 hrs after 15 Gy irradiation. On the other hand, there were no changes in lymphatic
follicles of the spleens in BALB/c and C57BL/6J mice after 0.25 or 0.5 Gy irradiation.
These findings suggest that proliferation of lymphocytes was not enhanced by low-dose
X-irradiation, while high-dose irradiation suppressed the immune function. It may indi-
cate that low-dose irradiation enhances the immune activities of individual lymphocyte.

The present study shows that the number of plasma cells in the spleens of sham-irradi-
ated C57BL/6J mice was greater than that of sham-irradiated BALB/c mice. Genetic
background is important in the Th1/Th2 balance in mice (20,21). Macrophages from
C57BL/6 mice produced higher levels of tumor necrosis factor-α (TNF-α) and interleukin
(IL)-12 than those from BALB/c mice after stimulation with macrophage-activating
lipopeptide-2 (MALP-2, asynthetic TLR-2 ligand) or lipopolysaccharide (LPS, a TLR-4
ligand) (22). T cells from C57BL/6 mice preferentially produce Th1 cytokine with high
interferon-γ (INFγ) and low IL-4 which enhance the cellular immunity, while those from
BALB/c mice favored Th2 cytokine production with low INFγ and high IL-4 which en-
hanced the humoral immunity. Similar T cell responses were observed when these strains
mice were infected with Leishmania major (23,24). 

Low-dose irradiation induced cytokine in macrophages (25). IL-6 expression was in-
creased by low-dose irradiation, but IL-1β expression was not affected. Transcriptional
activation of IL-6 and IL-1β is due to the enhanced binding of these cytokines to nuclear
factor-κB (NF-κB) (26,27). NF-κB is induced and activated by ionizing radiation
(27–30). On the other hand, 0.075 Gy irradiation induced the synthesis of IL-10 in spleno-
cytes and the secretion of IL-12 in peritoneal macrophages (31). This report suggests that
low-dose X-irradiation with 0.075 Gy may suppress IL-10 at the mRNA level and the pro-
tein level, and stimulate IL-12 expression simultaneously, which might contribute to a
shift of the immune response in favor of Th1 differentiation leading this cellular immu-
nity. Plasma cells are cellular factories devoted entirely to the manufacture and export of
a single product: soluble immunoglobulin. As the final mediators of a humoral immune
response, plasma cells play a critical role in adaptive immunity.    

The present study, by histological method, showed that plasma cells in the spleens of
BALB/c mice and C57BL/6J mice increased at 4 hrs after 0.25 Gy irradiation and de-
creased at 24 or 48 hrs after 15 Gy irradiation. These findings may indicate that the in-
crease of plasma cells induced by 0.25 Gy, or low-dose irradiation, contribute to a shift of
the immune response in favour of Th2 differentiation, leading to the humoral immunity.
On the other hand, although those two mouse strains have different sensitivities to radiation,
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the above changes were similar in both time course and degree of response. Therefore, the
phenomena observed may be common in mice. We need further study to assess the
thymus, one of the most sensitive lymphoid organs, with immunostaining for the main
cellular constituents such as B cells.

The authors are indebted to Dr. Ichiro Naito for his valuable advice and technical assistance.
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Abstract: Feeding of diazepam to young hornets completely inhibits or delays development of
their ovaries for a relatively long period. In control hornets, the ovaries usually develop within a day
or two post eclosion and comb building commences on the second day of life. The hornets then
oviposit into the comb cells and the deposited ova give rise to larvae. Trials were performed on par-
allel groups of hornets of various ages. When the sedative diazepam was administered to hornets
aged 0–24 hours the ovaries of these young hornets failed to show any development, so that no
oocytes ripened and consequently there was no oviposition whatsoever. Neither were any comb
cells built or, at best, only a few were built. When the diazepam was administered to hornet’s being
the age of 48 hours, it exerted no change, that is, the eggs developed normally and comb building
was the same as in the control group. Longevity of hornets was uniform in all the test groups and
similar to that in the control.

KEY WORDS: diazepam in hornets; diazepam inhibits fertility; social insects; hymenoptera; pe-
ripheral benzodiazepine receptor.

OUR LABORATORY has been engaged for many years in the study of social insects,
specifically with social wasps and hornets, — that pose a danger to humans. Both bees
and hornets sting, whereas some ants spray venom rather than sting. The mentioned so-
cial insects are highly sensitive to changes in their environment and are usually rendered
aggressive upon such change. Consequently, we searched for a pharmacological material
that would render the hornets with which we work more relaxed so that they could be
more easily handled.



The Oriental hornet is widespread throughout Israel and is prevalent in the Mediter-
ranean basin as well as in the near East, extending as far as India (Bodenheimer, 1933).

In the summer, the active season of this hornet, each hornet colony is comprised of a
single queen, numerous workers and a brood within combs. The queens of hornets nor-
mally found a nest underneath the ground, which renders difficult the viewing of its inte-
rior. Details of nest activity have been collected mostly from laboratory observations on
hornets maintained in breeding boxes, one wall of which is intentionally transparent.
When hornet nests are collected from the field and brought to the laboratory, the brood
combs from different nests are placed together in an artificial breeding box (ABB),
whence there is daily eclosion of the young, be they workers in the months of July–
September, or drones and queens during September–November. These newly ecloded hor-
nets served in our experiments. Hornets from different colonies which eclode in the same
ABB ordinarily are not aggressive toward one another (Ishay 1973). Our previous expe-
rience (Ishay and Sadeh 1975) has shown that groups of workers can be maintained on a
diet of sugars, animal proteins (e.g., morsels of meat or fish) and drinking water, thus
enabling a study of their development and social behavior.

Under the specified conditions, immediately after introduction into the ABB of young
hornets aged 0–24 hours, one observed a typical pattern of behavior comprised of the fol-
lowing (Ishay 1975a,b; 1976): photophobia, wherein the hornets shun the illuminated area
and congregate in shaded or dark areas; positive thigmotaxis, with the hornets congregat-
ing in group of 5–40 individuals; negative geotropism, the hornets seeking the highest
point in the box. Thus the young hornets tend to remain upon the ceiling of the box for a
day or two, during which time one of them occasionally descends to bring food for itself
and the others as the need arises (Wheeler 1928; Duncan 1939; Ishay and Ikan 1968 a,b). 

At the point beneath the roof of the box, where the hornets reside initially, the founda-
tion for a pedicle is laid and subsequently a pedicle is built in the direction of the gravi-
tational force. At the bottom of this pedicle cells are constructed which within a few days
come to comprise a comb within each cell of which an egg is deposited and fastened to
one of the cell walls so as to face down. The rate and quality of this comb construction
can serve as criteria or markers in the various experimental groups. In the present study,
we examined the influence of diazepam on the central receptor (CBR) associated with
GABA (Abalis and Eldefrawi 1986) as well as on the peripheral benzodiazepin type re-
ceptor (PBR), (Snyder et al. 1987). The central receptors are among the most prevalent in
the animal kingdom (Abalis et al. 1983; Eldefrawi and Eldefrawi 1987; Murphy and
Wann 1988; Pinnock et al. 1988). These are the primary inhibitory receptors in the brain
of vertebrates, exerting an effect on the Cl− channels. Additionally there is the PBR of im-
portance in the steroidogenesis (Besman et al. 1989; Weizman et al. 1989; Paradopoulus
et al. 1991) and a variety of other functions (Gavish et al. 1999, Veeman and Gavish,
2006). High concentrations of this PBR, known as the mitochondrial benzodiazepine re-
ceptor (MBR), are encountered mostly in steroidogenic tissues. 

The points which the present study set out to ascertain or explore were the following:

• Motor activity — do the test hornets fly, walk or congregate in a manner, speed and
localization different than those of control hornets?

• Comb building — knowing that hornets build a comb within a day or two of their in-
troduction into the ABB, does diazepam alter this activity, possibly in the direction
of fewer cells or slower rate of building?
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• Orientation (directionality) — since hornets seek the apex of the ABB (negative
geotropism) and prefer shaded or dark areas (photophobia), does diazepampossibly
alter this traits?

• Social activity — inasmuch as hornets initially exhibit gregariousness (positive thig-
motaxis) lasting several days, is this changeable by diazepam?

• Fecundity — as is known, worker hornets lay an egg (unfertilized) in each cell of the
comb which they build under laboratory conditions in the absence of the queen. After
5 days, each egg hatches a larva, which ultimately develops into a drone. Does
diazepam exert any qualitative or quantitative changes in this pattern of activity?

• Aggressiveness — hornets are predatory organisms and this trait is assessable by the
introduction into the ABB of bees, which in the field are preyed upon by them. How
is this aggression affected by the administration of diazepam?

• Longevity — are there any changes in the life expectancy of hornets receiving
diazepam as compared to control hornets?

• Effect of Age — is age of hornets an important determinant in trials with diazepam?

Materials and Methods 

Diazepam (Assival, Teva Co., Israel) was available in ampoules 10 mg/2 ml. The mater-
ial is miscible in water. The basic daily dose of diazepam was 17µg per hornet, but we
also tested an one and a half of 35µg as well as half a dose comprising 8.5µg. 

As the Test Animal for laboratory trials, we used the Oriental hornet Vespa orientalis
(Vespidae, Hymenoptera). Hornet nests were sought in fields in the Tel - Aviv area as well
as at Ein - Gedi, during the active season of this insect which is the summer months of
June-July-August. Collections were made in 1993 and 1994. The nests were slightly anes-
thetized at various hours of the day by the use of diethyl ether, and then dug out of the
ground, and the adult hornets extracted from the combs. These brood containing combs
(larvae and pupae) were then transported to the laboratory. From the enclosing brood,
groups of 10 workers each were placed in the special hornet breeding boxes devised in
our laboratory and long in use in our experiments. We named these boxes artificial breed-
ing boxes (ABBs) and each has a volume of approximately 13600 cm3 and one transpar-
ent glass wall. The hornets placed in each ABB were of a uniform age. The diazepam
solution was absorbed into a sugar cube and was then given to the hornets from the first
day of their stay in the ABB, together with tap drinking water and bits of fish or meat.

Vespine response to external stimuli was assessed separately for acoustic stimuli (e.g.,
tapping on the ABB), optic stimuli (e.g., waving of the hand in front of the glass panel of
the ABB), light stimuli (e.g., shining a light into the ABB) and a gravitational stimulus
(e.g., altering the vector of the gravitational direction in static fashion).

Fertility of the hornets was assessed in view of the likelihood that administration of
diazepam to the hornets might result in partial or complete delay in the development 
of their ovaries. We suspected that in hornets more than 24 hours past eclosion, whose
ovaries had already commenced functioning the drug administration, might cause ovarian
regression or delay in development. This possibility was investigated in two ways: a) by
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observing the ovipositing by hornets and looking out for any changes in the rate or
amount of this ovipositing (versus the control groups); and b) by studying the ovaries of
the hornet, that is, by dissecting the abdomen of test hornets so as to ascertain the pres-
ence of ovaries and their degree of development. The dissection was carried out with stan-
dard surgical instruments and the observations proper were made under stereoscopic
dissecting microscope at x10 - x40 magnification.

Statistics: the life expectancy was calculated using the Log Rank method. Analysis of sur-
vival Log Rank and Wilcoxon (Sun et al. 2005; Hasegawa Eng and Kosorok 2005). By
this method 6 control groups longevity is compared to 6 test groups longevity. Using the
following formula if χ2 is 3.85 or larger only then there is a significant difference between
the two groups.     

Results   

The present study entailed initially two series of experiments using diazepam, namely, ex-
periments with juvenile hornets, whose results were significant and are given herein, and
experiments with adult hornets, which yielded the same results in test and control hornets
and were therefore omitted from this paper.

The juvenile hornets, aged 0–24 hours, were given diazepam while kept in ABBs.
Regular hornet behavior within an ABB has been reported previously in numerous pub-

lications and is characterized by typical behavioral traits. Following, however, is a de-
scription of the behavior of hornets that had been given diazepam, as broken down to
specifics:

1. Food consumption — each hornet was free to eat ad libitum. The amount of pro-
tein (fish or meat) consumed was apparently equal for diazepam-administered hor-
nets and control hornets. Likewise, also, the amount of water imbibed by the test and
control hornets. There was, however, a significant difference in the amount of sugar
consumed, in that control hornets each consumed about 37 mg of sugar per day,
whereas the sugar uptake of test hornets was only 18 mg per day. The statistical data
showed a mean daily uptake of 37±1.07 mg by control hornets versus 17.8±0.7 mg
for test hornets, with n=8, t=4.18, DF=14, p value<0.001. The difference here is sta-
tistically significant.

2. Motor activity — this was assessed by the following criteria:
a. Walking ability and approach to food, regarding which we found that test hor-

nets receiving diazepam from eclosion freely approach the food, their walking
ability seemingly unimpaired, but they tended to rest for longer periods than did
control hornets, were generally less mobile and mostly came to rest on the walls
of the ABB rather than on the ceiling, as customary; 

b. Flight capability — an important feature affecting also the building capacity –
regarding which we did not find diazepam to alter either the capacity proper or
the speed of flight;

c. Hornet orientation, which was adjudged by the following sub-criteria: photo-
phobia – hornets normally seeking shaded or dark areas, and this trait was unal-
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tered by diazepam administration; negative geotropism – hornets normally set-
tling at the zenith of the ABB, but after diazepam administration we found some
hornets settling on the walls of the ABB rather than at the zenith underneath the
roof of the ABB, which means that some hornets exhibited also positive geotro-
pism in the wake of diazepam treatment;

d. Hornet social activity — here we observed a change in the customary thigmo-
taxis, wherein after their introduction into the ABB they no longer congregated
at one spot but rather “sat” quite apart from one another, so that there was clearly
a change in their social behavior following diazepam treatment, leading to nega-
tive thigmotaxis;

e. Comb building — this is one of the important criteria of hornet behavior. This
trait also renders hornets suitable for experimentation in that other species of so-
cial wasps (Vespinae) refrain from building, usually, under laboratory conditions.
Our observation of comb building conveyed several aspects of the building, and
these are briefly summarized below:

Onset of building – the building in an ABB usually commences 24 hours
after introduction of the hornets into the ABB, these we found that for con-
trol hornets the mean building commencement was 1.8±0.6 days for n=7,
versus a mean of 8.2±4.3 days for test hornets, the difference being statisti-
cally significant, at  t=4.56, DF=18, p value <0.001. Our results indicated
that onset of building was considerably delayed in the test groups compared
to the control.

Rate of building – here, too, the rate of comb building was markedly dif-
ferent between the test and control groups. Control hornets started with the
comb pedicle and immediately after proceeded to build cells as usual till a
complete comb was obtained. Test hornets, as already mentioned, com-
menced building much later, if at all, and even then built only a limited num-
ber of cells. Moreover, the rate of building was slow and in most instances
only a single cell was built (Figure 1).
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FIGURE 1. Total number of cells built by juvenile hornets receiving Diazepam (A), as compared
to control hornets (B). As can be seen the test group has built only one cell while in the same time
the control group has built a comb comprising about 28 cells, and in each cell an egg or a larva can
be seen.
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The number of cells and their shape – the quality of cells built by test
hornets throughout their life span was statistically different from that by con-
trol hornets (Figure 2). The same number of ABBs (10) was used for test
hornets and the population of hornets in both cases was randomly collected
as eclosing juveniles.

The mean overall number of cells built by test hornets was 4.8±4.1
whereas the control group built an overall mean of 22.8±5.5 cells. In both
cases n=10 and the difference was statistically significant at t=8.20, DF=18,
p value<0.001.

The shape of cells built was identical in both cases being a well-developed
hexagon and, in both, the direction of building was towards the gravitational
force. 

f. Hornet fertility — this was assessed following prolonged diazepam treatment
lasting 2–4 weeks. At the end of this period, the test and control hornets were
etherized and dissected to reveal presence of eggs inside the abdomen and the
extent of development of the ovaries and ovarioles. The selection of hornets for
dissection was random and the results of this experiment are given in Figure 3,
which shows significant difference in ovarian development between test and con-
trol hornets. In fact, control hornets displayed considerable ovarian development
whereas the ovaries of hornets receiving diazepam for two or four weeks were
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FIGURE 2. Number of cells built per day by test hornets (test), versus control hornets (control). As
can be seen control hornets build 25 cells in 28 days, whereas test hornets only built 4 cells in 28
days.



not developed at all. Further comparison between the test and control hornets re-
vealed the following differences:
a) the ovaries and ovarioles in control hornets were easily detectable because

they were filled with eggs, some of which measuring 2 mm in length, were
already suitable for ovipositing. Contrariwise, in test hornets receiving
diazepam for 2 weeks, the ovaries were not discernible to the naked eye and
only with the aid of a dissecting microscope at x40 magnification could the
ovaries be identified as very minute structures not at all developed compared
to their contemporary control hornets.

Hornets receiving diazepam for a full month yielded the same results,
namely, their ovaries could only be seen with a 2.5x10 or 4x10 magnifica-
tion. In fact, their ovaries were undeveloped, and only in few instances could
any onset of development be discerned; 

b) in the control hornets, the number of eggs in the ovaries ready for oviposit-
ing was 8–10 per hornet, whereas in test hornets no such ready eggs were
detectable and only at x25 or x40 magnification could a single egg be dis-
cerned in a few of the hornets.

g. Aggression — aggressive behavior is natural in hornets and they are known to
attack spontaneously other insects, particularly honey bees at the hive entrance
or in the open field (Ishay et al. 1967). This aggressive behavior is observable
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FIGURE 3. Extent of ovarial development in juvenile hornets receiving Diazepam (test), versus
control hornets (control). Test hornets showed 10% and 20% of the number of oocytes of the con-
trol hornets after 14 days and 30 days of age, respectively.



under laboratory conditions by the introduction of bees into the hornets ABBs,
and one can immediately see whether diazepam affects, this aggressive behavior
towards bees. As it turned out, diazepam exerted no effect on aggression of the
Oriental hornet, so that the introduced bees were set upon within 5 seconds of
their introduction, being consumed to the same extent by test hornets as by the
control hornets.

h. Life span — the life expectancy of the test and control hornets was computed
by the Log rank method, basing on mean mortalities within six control and six
test groups. Using the appropriate equation we obtained the following result:

χ2 (7−5.09)2 / 5.09 + (2−5.09)2 / 5.09 ] 
χ2 = 2.58  

by this Log rank method, the difference in longevity is significant when χ2>3.85,
which means that in our case there was no significant difference between test and
control hornets. 

i. After-effect of diazepam treatment — we attempted to ascertain whether there
were after-effects in hornets upon cessation of a prolonged treatment with di-
azepam. To this end, test hornets ceased getting diazepam after 10 days of con-
tinuous administration. We found that while on diazepam, these hornets failed to
build cells or oviposit, much the same as all the test hornets receiving diazepam
throughout their existence. However, one day after the withdrawal of diazepam,
the hornets commenced building a comb pedicle and subsequently built a com-
plete comb comprised of 10–14 cells, that is a comb fully consistent in terms of
number and shape of cells to the comb built by control hornets.

j. Effect of diazepam dosage — most groups of juvenile test hornets received di-
azepam at a mean daily dosage of 17 mg per hornet. To assess the effect of
dosage, three-test groups were placed on half this dosage (8.5 mg/ hornet / day)
and three more groups on x1.5 the usual dose (25 mg/ hornet / day). The results
showed that at a dose of 8.5 mg the hornets delayed their comb building activi-
ties, commencing to build only on the 9th day and building only on average 12
cells, throughout life, whereas “their” control hornets commenced building on
the second day after their introduction into the ABB and built, on the average, a
total of 30 cells throughout life. Apart from that, the test hornets built and
oviposited similarly to the control hornets. In test hornets receiving 1.5 times the
usual dose, however, the results were more dramatic, in that they failed to build
altogether, they did not oviposit and apparently, also, this dosage was toxic to the
hornets, because they started dying off between the third and tenth day after re-
ceiving this high dose and most of them succumbed to the drug.

k. Gravity discernment by test hornets in ABBs tilted 15° from the vertical orien-
tation — an experiment was set up to investigate the ability of diazepam —
treated hornets to recognize the zenith within the ABB and build in the direction
of the gravitational force (i.e., vertically) even when their ABB is tilted by 15°
from the gravitational direction. In the control ABB, the building of a comb ul-
timately comprised of many (17–30 cells approx.) cells commences on the sec-
ond day of life of control hornets and this comb is usually built in the direction
of earth’s gravitational pull. On the other hand, the test hornets in the tilted ABB
commenced building only on the 10th day of their stay in the ABB, and their
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comb, which was built on the glass test tube (that provides drinking tap water in
every ABB), was comprised of 2 cells only, albeit the orientation of these two cells
was in the direction of gravity, just as in the control ABB. This latter result seems
to indicate that the gravitational sense of the hornets is not impaired by diazepam.
In a final experiment, we found that adult (more than 48 hours of age) hornets re-
ceiving diazepam, were not significantly affected either in behavior or in fecundity.

Discussion

The present study examined various properties typical of Oriental hornet behavior and de-
velopment and their response to prolonged administration of diazepam, which is an ago-
nist to both the central and peripheral benzodiazepinic receptor(s). Interestingly, this study
was undertaken in the hope that diazepam might render hornets less aggressive or at least
tranquilizing. In fact, our finding that hornets consume less sugar under the influence of
diazepam reaffirmed our belief that diazepam should have a tranquilizing effect on hor-
nets. Much to our surprise this seemingly did not transpire as was shown by the hornets
response to the honeybees. In the final analysis, the most significant finding of the present
study is the inhibitory effect of diazepam on the ovarian development, ovulation and fe-
cundity of hornets subjected to this drug from their first hours of life. As we have shown
the ovaries of the treated hornets were not as developed as they should have been for their
age and treated hornets for the most part failed to oviposit altogether. Our findings sug-
gested that diazepam exert an effect on the PBR (Gavish et al. 1992). As we deal with a
benzodiazepine receptor we have the fact that the delaying effects of diazepam on the fe-
cundity and ovulation were reversible, in that test hornets commenced ovipositing upon
cessation of diazepam administration. 

A few tissues in insect are recognized to be responsible for the synthesis of hormones
(Rockstein 1973; Warren et al. 1988). One of these hormones, known to affect insect fe-
cundity is the juvenile hormone, which is gonadotropic in its effect, as provable by trans-
plantation of the corpora allata from one insect to that of another. Other agents are the
prothoracic glands, which secrete ecdysone that apparently mediates the suppression of
ovulation in insects (Whitehead et al. 1986). This ecdysone, which is steroidal in struc-
ture is produced from cholesterol and, inter alia, enhances the synthesis of RNA. As
known, RNA synthesis is periodic, in accordance with the biotic requirements of the in-
sect (Raabe 1989). Furthermore, cerebral hormones (secreted by neurosecretory cells ) are
known to stimulate the synthesis of ecdysone, as the need arises. A possible explanation
for this could be that in queenless hornets there is ab initio stimulation of the various tis-
sues that secrete ecdysone by cerebral hormones (e.g., ovaries), (Adams and Filipi 1988;
Raabe 1989). Our results suggest that at this stage diazepam, apparently, binds onto the
external membrane of mitochondria in enhanced amount thereby effecting, upon pro-
longed administration, a desensitization of these receptors. Consequently, cholesterol fails
to enter the mitochondria in the needed level so that insufficient or no ecdysone is pro-
duced, such as required for the synthesis of DNA and RNA or the development of the
eggs. Regrettably, we were unable to determine the level of this hormone in hornets. The
question arises as to why hornets of more advanced age are not thus affected. We suggest
that at a later stage in hornet life, the level of ecdysone in the hemolymph is sufficiently
high to abrogate or markedly curtail the influence of diazepam. 
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A further finding with juvenile hornets was that under diazepam treatment they were
late in starting to build a comb or failed to do so altogether. This finding is explainable in
two ways. First, that in juvenile hornets one of the triggers to building is the need to
oviposit, and as we have seen, in hornets not subjected to diazepam ovarial development
commences right after eclosion from the puparium, so that on the second or third day of
life, normal hornets start building a pedicle and first cells, with the trigger to this provided
by the need to oviposit owing to rapid ovarial development and the accumulation of eggs
inside them. Contrariwise, the suppression of ovulation by diazepam delays the stimulus
to comb building and this effect is apparently exerted on the peripheral receptor. A sec-
ond explanation for the delay in or absence of building by diazepam-treated juvenile hor-
nets could be the detrimental changes in their motor activity. Yet these changes can
provide only a partial explanation in that they account for the delay in building but not for
the total absence of building activity. Here we suspect that there is influence of diazepam
on the central receptors. 

As pointed out, test hornets received diazepam (liquid) absorbed into a sugar cube, and
our observations on food consumption by test hornets showed a reduction in sugar intake,
apparently owing to the drug exerting a repelling effect on the hornets. Our choice of
sugar for purpose of drug administration resided in the high absorbability of liquid
diazepam upon it and the fact that it is sweet and thus masks the apparently repulsive taste
of the diazepam. Another “substrate” for the diazepam which we considered using was the
bits of fish / meat offered as protein food to the hornets. We discarded this possibility,
however, on the grounds that the presence of diazepam on this foodstuff could deter the
hornets from consuming protein and thereby impair their fecundity (having found that
protein was essential during hornet ovarian development and ovulation). 

To the best of our knowledge this is the first report on diazepam affecting ovulation and
egg lying in insects. It is of interest to mention that this phenomenon discovered in hor-
nets resembles in some way what happens some times in women where “menstrual irreg-
ularities have been noted, and women may fail to ovulate while taking benzodiazepines”
(Baldesarini and Tarazi 2001). In rats it has been shown that PBR may be involved in ovu-
lation and pregnancy (Bar Ami et al. 2006).     

The results of diazepam treatment in hornets were reversible, so upon cessation of
diazepam administration, the test hornets resumed normal building and oviposition. In-
terestingly, despite the influence of diazepam on various aspects of hornet behavior and
fecundity, there was no evident effect on hornet longevity. This latter finding could be at-
tributable to the fact that in the natural nest, hornet workers usually do not have a chance
to oviposit. The presence on an egg-laying queen inhibits ovary development by workers
excepting in cases of orphan nests (i.e., where the queen has died early in the season), so
that the oviposition by workers is a phenomenon strictly associated with the end of the
season — or life in captivity, and therefore there is no correlation between oviposition and
hornet longevity.
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Abstract: The head of the Oriental hornet in situ, detached from a live sample was imaged using
Magnetic Resonance Imaging (MRI). This non-invasive method enabled us to visualize the three-
dimensional structure of the hornet’s brain and intracerebral organs, as based on cubic voxels of 23
µm3. From these images, we could identify various cephalic structures in both supra-esophageal and
sub-esophageal locations. In the former location, we identified and visualized the ocelli, ommatidia,
mushroom body, lobula, medulla and the compound eyes in the protocerebrum, as well as the
olfactory lobe and bases of the antenna in the deutocerebrum, while in the sub-esophageal region
we visualized organs such as the mouthparts, the esophagus, the gnathal pouch and the salivary
ducts that empty into the region. Additionally, we identified various muscles, the aorta, cuticular
thickenings lending support to the interior of the head and also the cuticular skeleton providing sup-
port on the outside. All the mentioned structures and organs were visualized in their relative, nor-
mal proportions, without touching or dislocating them.

KEY WORDS: hornet brain, MRI, hornet cerebral structures, Vespinae Hymenoptera.

MAGNETIC RESONANCE IMAGING (MRI) has the advantage of being a non-
destructive technique and enables one to obtain three dimensional images. Its main draw-
back relative to optical microscopy methods is its limited resolution. In the present work
we minimized this limitation by equilibrating the sample with a solution containing the
paramagnetic Cu2+ ions. The head of the Oriental hornet contains beneath the frons plate
an organ that contains about 120 nervous strings (1). This organ with its strings is im-
mersed in hemolymph and has been named the Ishay organ (Figure 1A–D). In another
publication (2), we detected and described in vespan cephalic sections, uninterrupted



stretches of cilia also in the region behind the genal and vertex plates, and also focused
on the structure of these cilia and their possible connection with gravity and the Ishay
organ (Figure 1E). Under this area one can see transverse section through the hornet’s
head (Figure 1F). Descriptions of the head of the wasp and hornet from cephalic or cau-
dal aspects exist in the literature, but are based on coarse sections (3–6) and consequently
are not sufficiently detailed. There is, however, a recent study of the head of the honey-
bee via the NMR methodology (7). As we shall show later in the present paper, there are
structural differences between the head of the honeybee and that of the hornet among
others because the hornet is a relatively big predatory insect, while as known the bee is
smaller and vegetarian. Additionally, we need mention an excellent study on the micro-
anatomy of a mosquito (8).

In the present study, reliance was made on numerous earlier publications on the struc-
ture of the neural system in invertebrates (9–15).

When one sets out to identify head parts of the hornet from the outside (see legend to
Figure 1) one can see (Figure 1A), the following: ocelli (1), compound eyes (2), the frons
plate (3), and in the center of the latter — the sutura coronalis (4) with a pit that forms a
deep indentation on the one side and a projection on the other (see large arrow in Figure
1B). To the frons plate are attached nerve fibers that also connect to the protocerebrum
(Figures 1C, D) and this on the plate between the antennae and the compound eyes.

In the present study we shall describe step by step the anatomical details (relating to
the hornet’s head) that could be gleaned by use of MRI.

Materials and Methods

For purposes of the present study the heads of queens of the Oriental hornet Vespa orien-
talis (Vespinae, Hymenoptera) were used. The queens were collected from a natural nest
by a method published earlier (16, 17). In total 11 queens were used. The head of a hor-
net queen is bigger (mean 8 × 6 mm) than that of the worker (mean 5 × 4 mm) and effi-
ciently fills the inner volume of the MRI coil (designed to hold samples in 10 mm tubes).
Thus, better sensitivity results. The heads were cut off from ether anesthetized hornets.
(The hornet is alive during the process.) To avoid mass hemolymph loss the wound was
sealed with melted wax. To enable minimal field of view (FOV), the antennae of each
queen specimen were fastened by cyanoacrylate- glue to the side of the head rather than
cut off, and this in order to prevent the loss of hemolymph incurred by excision. In the
few instances where we failed to obtain complete images by MRI, supplementary images
were obtained via scanning electron microscopy (SEM). See Figure 1(A–F); Figure 2(A);
Figure 3(A1,A2).

The factor limiting the rate of imaging in MRI is the longitudinal relaxation, repre-
sented by the time constant T1. In order to achieve a major reduction in the total experi-
mental time, we chose to equilibrate our sample for two days in a solution of 40mM
CuSO4 that reduces T1 from 1.5 sec to 0.2 sec (as measured by the inversion-recovery
method), thus reducing the total experimental time by a factor of more than seven (18,
19). CuSO4 is superior to Gadolinium complexes (such as Gd-DTPA) since it easily dif-
fuses to all tissues and biological compartments. Due to its toxicological properties
CuSO4 prevents the hornet tissues from deterioration due to bacterial infection.  

44 PLOTKIN et al.



MRI OF ORIENTAL HORNET HEAD 45

FI
G

U
R

E
1.

(A
) 

(v
ia

SE
M

)-
T

he
 h

ea
d 

of
 a

 h
or

ne
t 

w
or

ke
r:

1-
oc

el
li,

2-
co

m
po

un
d 

ey
es

,3
-f

ro
ns

 p
la

te
 a

nd
 4

-t
he

 s
ut

ur
a 

co
ro

na
lis

. A
t 

th
e 

ce
nt

er
,o

ne
 c

an
 s

ee
 a

pi
t 

th
at

 f
or

m
s 

a 
de

ep
 i

nd
en

ta
tio

n 
(a

rr
ow

),
5-

an
te

nn
a.

 B
ar

 =
 1

m
m

. 
(B

) 
T

he
 f

ro
ns

 p
la

te
 v

ie
w

ed
 f

ro
m

 t
he

 i
ns

id
e:

la
rg

e 
ar

ro
w

 -
 t

he
 p

it,
sm

al
l 

ar
ro

w
s 

- 
m

em
-

br
an

es
 o

f 
“a

co
us

tic
 b

ox
”,

an
d 

t-
tr

ac
he

a.
 B

ar
 =

 1
00

µm
. (

C
) 

A
 p

or
tio

n 
(1

) 
of

 t
he

 “
ac

ou
st

ic
 b

ox
”

co
nn

ec
te

d 
to

 t
he

 r
ig

ht
 a

nt
en

na
 a

nd
 s

ho
w

in
g:

th
e 

ba
se

 o
f 

th
e

an
te

nn
a 

co
nn

ec
te

d 
to

 t
he

 j
un

ct
ur

e 
of

 t
he

 f
ro

ns
 (

2)
 -

 c
ri

ss
-c

ro
ss

in
g 

m
us

cl
es

 t
ha

t 
fo

rm
s 

th
e 

ce
nt

er
 o

f 
th

e 
m

us
cu

la
r 

st
ru

ct
ur

e 
in

 t
he

 a
re

a 
(3

).
 A

 b
ra

nc
h 

of
 t

he
th

es
e 

m
us

cl
es

 c
on

ne
ct

in
g 

to
 t

he
 l

ow
er

 m
ou

th
pa

rt
s 

(4
).

 A
.M

 -
 t

he
 m

us
cl

es
 o

f 
th

e 
an

te
nn

a,
D

.H
.M

 -
 d

or
sa

l 
hy

po
ph

ar
yn

ge
al

 m
us

cl
e,

an
d 

A
D

.M
 -

 a
dd

uc
to

r
m

an
di

bu
la

ri
s.

 B
ar

 =
 1

00
µm

. (
D

) 
D

yn
am

ic
 fi

be
rs

 i
n 

th
e 

lo
w

er
 p

ar
t 

of
 t

he
 “

ac
ou

st
ic

 b
ox

”
ar

e 
sh

ow
n:

1-
ex

te
rn

al
 s

ur
fa

ce
 o

f 
th

e 
fr

on
s 

pl
at

e;
 2

-t
he

 s
ut

ur
a 

co
ro

-
na

lis
; 3

-s
ev

er
al

 fi
be

rs
 o

ri
gi

na
tin

g 
fr

om
 th

e 
co

nu
s;

 4
-a

 c
en

tr
al

 p
oi

nt
 f

ro
m

 w
hi

ch
 6

 fi
be

rs
 e

m
er

ge
; 5

-h
or

iz
on

ta
l (

tr
an

sv
er

se
) 

fib
er

s 
th

at
 a

tta
ch

 b
ot

h 
to

 th
e 

6-
m

as
-

tic
at

or
y 

m
us

cl
es

 a
nd

 t
he

 t
ri

to
ce

re
br

um
; 

a,
b-

tw
o 

ho
ri

zo
nt

al
 fi

be
rs

 t
o 

w
hi

ch
 t

he
 s

ix
 v

er
tic

al
 fi

be
rs

 a
tta

ch
 a

nd
 f

or
m

 a
 u

ni
qu

e 
ha

nd
-s

ha
pe

d 
co

m
pl

ex
; 

c-
cr

os
s

lin
ks

 b
et

w
ee

n 
th

e 
fib

er
s 

in
 t

he
 c

om
pl

ex
; 

t-
a 

m
in

ut
e 

tr
ia

ng
le

 f
or

m
ed

 b
y 

on
e 

of
 t

he
 h

or
iz

on
ta

l 
fib

er
s,

an
d 

po
ss

ib
ly

 i
nt

en
de

d 
to

 r
ei

nf
or

ce
 t

he
 c

om
pl

ex
. 

B
ar

 =
10

0µ
m

. (
E

) 
D

et
ai

ls
 o

f 
th

e 
in

te
ri

or
 o

f 
th

e 
he

ad
 s

ho
w

in
g 

fr
on

s 
pl

at
e 

ar
ea

 (
fp

) 
co

ve
re

d 
w

ith
 h

ai
r 

ce
lls

,m
os

tly
 a

rr
an

ge
d 

in
 c

ir
cu

la
r 

gr
ou

ps
. T

he
 o

ce
lli

 (
1)

 a
nd

pa
rt

 o
f 

a 
co

m
po

un
d 

ey
e 

(2
) 

ar
e 

al
so

 o
bs

er
va

bl
e.

 g
 =

 g
en

ae
; 

v 
=

 v
er

te
x.

 B
ar

 =
 1

m
m

. 
(F

) 
T

ra
ns

ve
rs

e 
se

ct
io

n 
th

ro
ug

h 
th

e 
ba

se
 o

f 
th

e 
“a

co
us

tic
 b

ox
”

vi
ew

ed
fr

om
 b

el
ow

. T
he

 b
ra

in
 c

ap
su

le
 is

 s
up

po
rt

ed
 b

y 
th

e 
te

nt
or

ia
l b

ri
dg

e 
(7

) 
an

d 
to

w
ar

d 
th

e 
bo

tto
m

 o
ne

 s
ee

s 
th

e 
po

st
oc

ci
pu

t (
9)

. A
bo

ve
 th

e 
te

nt
or

ia
l b

ri
dg

e,
at

 c
en

-
te

r,
th

er
e 

is
 a

 r
ou

nd
 a

pe
rt

ur
e,

w
hi

ch
 is

 th
e 

ao
rt

a 
(8

 a
rr

ow
 h

ea
d)

. F
ur

th
er

 u
pw

ar
d 

th
er

e 
is

 th
e 

ce
re

br
al

 g
an

gl
io

n 
(6

),
an

 e
xp

en
de

d 
ho

llo
w

 w
hi

ch
 is

 th
e 

di
la

tio
n

of
 th

e 
es

op
ha

gu
s 

w
ith

in
 th

e 
oc

ci
pi

ta
l f

or
am

en
 (

o)
. O

n 
bo

th
 s

id
es

 o
f 

th
e 

oc
ci

pi
ta

l f
or

am
en

 a
re

 lo
ca

te
d 

th
e 

ad
du

ct
or

 m
an

di
bu

la
ri

s 
(a

d.
m

.)
 m

us
cl

es
,a

nd
 a

bo
ve

th
em

 a
re

 c
ri

ss
-c

ro
ss

in
g 

m
us

cl
es

 w
hi

ch
 i

nt
er

co
nn

ec
t 

th
e 

ph
ar

yn
ge

al
 m

us
cl

es
 (

4)
. I

n 
th

e 
sp

ac
e 

be
tw

ee
n 

th
e 

tw
o 

bu
nd

le
 o

f 
m

us
cl

e 
fib

er
s,

th
er

e 
ar

e 
ve

st
ig

es
 o

f
a 

m
em

br
an

e 
(1

0)
 w

hi
ch

 ‘
se

al
s’

th
e 

“a
co

us
tic

 b
ox

”
fr

om
 b

el
ow

. I
n 

th
e 

up
pe

r 
pa

rt
 o

f 
th

e 
Fi

gu
re

,o
ne

 s
ee

s 
th

e 
‘p

oc
ke

t’
fo

rm
ed

 b
y 

br
oa

de
ni

ng
 o

f 
th

e 
fr

on
s 

pl
at

e
ne

ar
 i

ts
 b

as
e 

(a
dj

ac
en

t 
to

 t
he

 c
ly

pe
us

).
 O

n 
bo

th
 s

id
es

 o
f 

th
e 

fr
on

s 
th

er
e 

ar
e 

ve
st

ig
es

 o
f 

th
e 

an
te

nn
al

 b
as

es
 (

5)
,

an
d 

at
 u

pp
er

 m
ar

gi
n 

of
 t

he
 F

ig
ur

e 
on

 b
ot

h
si

de
s,

ar
e 

th
e 

pl
at

es
 o

f 
th

e 
co

m
po

un
d 

ey
es

 (
3)

,t
he

 a
nt

en
na

l 
ba

se
 (

2)
 a

nd
 t

he
 f

ro
ns

 p
la

te
 (

1)
. B

ar
 =

 1
m

m
. 



We chose to use a three-dimensional spin-echo sequence where, following each excita-
tion of the entire sample, phase is encoded in two orthogonal directions and frequency is
encoded along the third. This was found superior to exciting discrete slices whose width
is of the desired resolution in one dimension (23 µm). The rationale here was that gradi-
ent strength is limited and one needs to use long slice-selecting pulses, resulting in a fur-
ther increase in the echo time (TE) and hence in a major signal decay due to transverse
relaxation (T2). Due to this limitation (7), those who preferred to excite discrete slices
could not reduce slice thickness to less than 100 µm which compromised the resolution
in the slice plane (15.6 µm2).

All spectroscopy and imaging experiments were performed on a Bruker AVANCE 360
WB spectrometer, using a micro-imaging probe equipped with a 180 gauss/cm gradient
unit. The samples were immersed in Flourinert (FC-77, Sigma, USA) to improve static
field homogeneity and placed in a 10 mm tube at approximately 22 °C. 90° (hard). Pulse
was 16 µs long.

FOV = 6×12×12 mm3, matrix = 256×512×512 pixels, resulting in a resolution of 23 µm
in all three dimensions. TE = 2.593 ms. Time to return (TR) = 210 ms. Bandwidth =
166.666 Hz. A total of seven signal acquisitions were averaged over 107 hours.

Results

The current MRI resolution does not enable visualization of minute objects (under 23 µm)
such as the nervous strings in the Ishay organ, but the use of sequential imaging may
allow us to determine the orientation of this organ relative to the surrounding structures
and organs. In Figure 2A, we see, on top left, a schema of the queen’s head, wherein the
following landmarks can be discerned. First, the anterior surface of the capsule of the
Ishay organ (1), (the arrow pointing to the pit). 

In inset on bottom right of Figure 2A, we show the aftermath of the injection of liquid
acrylic into the cavity of the acoustic box (which houses the Ishay organ), namely filling
up of the box with a rapidly hardening material. The pit (see arrow) is a continuation of
the cone shown in Figure 1A4 or 1B (large arrow). The next 5 images (B to F) in Figure
2 are sequential in the coronal (frontal) plain. Thus Figure 2B shows the pit, which is a
continuation of the conus (see arrow) and also the gnathal pouch, an antenna, and the
Ishay organ. Figure 2C is the sequential section showing the Ishay organ and the gnathal
pouch, an antenna while the triangular structure represents the tentorial arms. Figure 2D
shows additionally the pharyngeal pegs, while in this picture as well as in Figures 2E, 2F
we also see the pharyngeal diverticula. In the latter two pictures can also be seen the sec-
tioned esophagus. Note that in all pictures pertaining to Figure 2, the Ishay organ is seen
as a rough rectangle, while in plates E and F we can also see the compound eyes addi-
tionally to an antenna and the mandibles. 

Turning now to Figure 3, which again presents pictures of a queen’s head, we need to
explain that due to insufficient resolution of images via MRI, we offer first (in Figure 3A)
two views of the pertinent head organs taken via SEM. Now for the images attained via
MRI: In Figure 3B can be seen an antenna in full length, compound eyes, mandible,
gnathal pouch, mouth, esophagus and pharyngeal pegs. The two circles at top are α lobes
and the two circles somewhat below them are olfactory lobes. At the center top there is
the pars intercerebralis and at the top also the basis of the median ocellus.
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FIGURE 2. (A) (via SEM) We see, on top left, a schema of the queen’s head, wherein the following land-
marks can be discerned. First, the anterior surface of the capsule of the Ishay organ (1), (the arrow pointing
to the pit) faces the frons plate and the ocular sinus plates (2), while its lateral parts face the compound eye
(3). The dorsal part of the Ishay organ extends to the vertex and up to the ocelli. Ventrally the organ bor-
ders with the clypeus plate (4), and on both its sides borders with the antennal sockets (5). In the middle of
its upper side there is a depression formed by the median ocellus (6). The upper side of the clypeus plate is
visible (8) and also seen is the lower side (7). Bar×4. In inset of 2A (lower right corner) one can see the
acrylic model of the Ishay organ. 1-behind the frons plate; 2-the border with the ocular sinus; 3-border with
the median ocellus; 4-the lower border of the Ishay organ; 5-the two long arms that extend ventrally to ter-
minate with the eyes at mid-clypeal level. The pit (see arrow) is a continuation of the cone shown in Fig-
ure 1A4 or 1B (large arrow). Bar×10. (B–F) MRI images of queen’s head. See Key to MRI Plates.

Key to MRI plates

αl, α lobes
an, antenna
ao, aorta
ar, antennal ridge
cb, central body
ce, compound eye
cp, corpora pedunculata
es, esophagus
gl glossa
gnp, gnathal pouch
i, Ishay organ
ic, inner calyx
l lobula
la labium
li linqua
lo, lateral ocelli
lp, lingual plate
m, medulla
mb, mushroom body
mmp, muscles of the mouth parts
mn, mandible
mo, median ocellus
mp, maxillary palp 
mth, mouth
oc, outer calyx
ol, olfactory lobe
os, occipital suture
osl, opening of the salivarium
phdi, pharyngeal diverticula
pi, pars intercerebralis
plad, posterior labial adductors
pp, pharyngeal pegs 
sd, salivary duct 
ta, tentorial arms
tb tentorial bridge
ver, vertex
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FIGURE 3. (A1) (via SEM) We can see the upper part of the labium of a queen and adjacent re-
gions: 1-glossa, 2-lingua, 3-paraglossa, 4-lingual plate, 5-opening of the salivarium, 6-hypopharynx.
Bar = 100µm; (A2) (via SEM) The adjacent regions from the underside of the labium showing 
the following landmarks: 1-acroglossal buttons, 2-glossa, 3-lingua, 4-paraglossa, 5-labial palp,
6-maxillary palp 7-prementum, 8-stipes. Bar = 100µm. (B–F) MRI images of queen’s head. See
Key to MRI Plates page 47.



Turning now to Figure 3C, we see two circles designating the α lobe. The region is sup-
ported also by the occipital suture. Between the two olfactory lobes there is the round
opening of the aorta and beneath it is a secondary section through the esophaguses. To the
right and left of the olfactory lobes and the antennal ridges we can discern the compound
eye and between them first the medulla and more inwardly the lobula. Beneath the olfac-
tory lobes, there are the two antennal ridges and below them the primary section through
the esophagus. On both sides of the esophagus opening there are the pharyngeal pegs
while on both sides of the gnathal pouch one can discern a mass of muscles which, as can
be seen, cuts through the posterior labial adductors. At the center of the labium passes the
salivary duct. Finally on both sides of the lingua there is a maxillary palp as well as a
mandible.  

In the middle of Figure 3D one can see the median ocellus and on each of its sides one
can discern the occipital suture. Also visible is part of the mushroom body as well as the
inner calyx and outer calyx. At the center between the two parts of the head is located the
pars intercerebralis. On both sides of the head can be seen the compound eyes, the
medulla, the lobula, the olfactory lobe, the two antennal ridges and beneath them the cav-
ity of the esophagus, then the gnathal pouch, the pharyngeal pegs and on the sides the pos-
terior labial adductor muscles. 

In Figure 3E we see at the top center the median ocellus and on both its sides is the lat-
eral ocelli, then parts of the compound eye, lobula and medulla. Also visible are the
antennal ridges and below them the pharyngeal pegs as well as the muscles of the mouth
parts, namely, the posterior labial adductor, the posterior dilator of the anterior pharynx,
the extensor of the maxilla and the flexor of the stipes. One can also see the labial plate
and the salivary duct, and less clearly the lower parts of the glossa and lingua.

In Figure 3F we see at the top the ocelli and beneath them the inner and outer calyxes.
Further down there is the corpora pedunculata, which forms an axis between the two com-
pound eyes. In the center of the corpora pedunculata is located the central body. Farther
down on both sides, we have the pharyngeal pegs, the lingual plate with the salivary duct
reaming down its center and finally the opening of the salivarium. On right side of the
head there is one transversely cut antenna. Note: the images here (Figure 4 and Figure 5)
are in the transversal plain. 

Turning now to Figure 4, we note first in Figure 4A the compound eyes on both upper
sides of the head, then the inner calyxes and outer calyxes at the middle of the head, and
finally at the upper part is a portion of the vertex. In Figure 4B we can see the compound
eyes at the two sides of the head and in the center we see the initial sections of the lob-
ula and the medulla. In Figure 4C we again see the compound eyes, medulla and lobula
but now also the olfactory lobe. 

In Figure 4D, at center of image, we see the central body, on both sides the compound
eyes, beneath them the lobula and the medulla, and in the upper center is the initial part
of the gnathal pouch. In Figure 4E one can see the compound eyes the lobula end at the
upper center the gnathal pouch. Finally in Figure 4F, we see the compound eyes, the
pharyngeal pegs beneath them and at the upper center is the terminal part of the gnathal
pouch (gnp).

Figure 5 offers further views of the queen’s head. In Figure 5A can be seen the com-
pound eyes on both lower sides and between them the tentorial bridge. In the upper cen-
ter the esophagus (es) is visible and beneath it the gnathal pouch. In Figure 5B we again
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FIGURE 4. Views of queen’s head. See Key to MRI Plates page 47 and text.
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FIGURE 5. Views of queen’s head. See Key to MRI Plates page 47 and text.



see the compound eyes on both sides, the tentorial arms between them, the esophagus far-
ther up at center and beneath it the gnathal pouth. In the remaining pictures (5C to 5F),
we offer segmental sections of the labium and in Figure 5E, additionally one can see a
section through the salivary duct. 

Discussion

In the present study, unlike in that of (7), our use of paramagnetic-ion solution to shorten
T1 and increase SNR in MRI microscopy has proved a success, and we have also demon-
strated the superiority of three-dimensional sequencing over discrete-slice excitation.
Where further enhancement of resolution is desired, designing a special coil for the im-
aged sample (7) is to be preferred, since coil sensitivity drops as the third power of the
sample-coil distance. 

The ratio of the volume of the calyx to that of the central body was calculated (20). It
was found that there is an increase in ratio in Vespula and Bombus at the top of other Hy-
menoptera. It appears that an increase in the ratio of calyx/central body is correlated with
high levels of complex behavior, memory storage and the coordination of sequential pat-
terns of activity (12).

Till now, study of the Vespine brain has been achieved through surgery and the use of
various techniques of microscopic observation. Our present employ of MRI obviates the
use of surgery and enables viewing organs in their natural state and form, without alter-
ing dimensions and without deterioration of the tissues that results from various prepara-
tory procedures that involve drying, coating, plating, warming and the like. In the present
study, the head of the hornet has been examined from various angles, but of course nec-
essarily conditional on the studied structures having a thickness of at least 23 µm. Thus,
for instance, we were unable to properly observe in the Ishay organ the nerve fibers whose
diameter is only about 10 µm (1). This can be due to insufficient resolution but also due
to inadequate contrast method; it cannot be ruled out that all magnetization in the vicin-
ity of the Ishay organ fibers decays very quickly. Neither could we observe clearly muscle
fibers, nor ganglia. Strausfeld (8) was able to describe the diffuse end of the calyx in
Vespa. The MRI technique did not of course enable us to identify the membranes that coat
the hornet’s brain (present in other insects as well), and selectively regulate the entry of
substances into the brain by a quasi blood-brain barrier mechanism (21). In the case of
the hornet, its brain does receive a supply of hemolymph from the aorta (as indicated by
‘ao’ in Figure 3C), but it lacks any small blood vessels, so that the sites of cerebral he-
molymph flow remain undetectable. Earlier (22) the distribution of neurotransmitters in
the insect brain was described and this by mapping the various cerebral regions with the
aid of antibodies. We have herein shown that MRI, too, can contribute importantly to our
understanding of the hornet brain. 

In the present study we used the heads of young hornet queens whose age ranged from
several weeks to several months. In future studies, it should prove worthwhile scanning
the brain of a hornet queen throughout her lifespan of about a year, hopefully detecting
any changes in brain structure that may occur during the season of maximal vespine ac-
tivity (in the spring and summer) or during the senescence at the end the summer. When
we compare the present MRI study of the hornet head with the NMR imaging study of
the honeybee brain undertaken (7), we need mention two significant differences, namely,
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that in honeybees only the supraganglionic part of the brain was investigated whereas in
the present study subganglionic organs were also investigated, and secondly that honey-
bees do not possess an Ishay organ.

We wish to thank the Israeli Ministry of Immigrant Absorption for their generous support of Dr
Stanislav Volynchik and Dr Natalya Y. Ermakov. Thanks are due also to the Y.H. Mirzoeff & Sons
Foundation Inc. for financial support. 
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Abstract: Project 2061 was founded by the American Association for the Advancement of Science
(AAAS) to improve secondary school science education. An in-depth study of ten 9 to 12th grade
biology textbooks led to the verdict that none conveyed “Big Ideas” that would give coherence and
meaning to the profusion of lavishly illustrated isolated details. However, neither the Project report
itself nor the Benchmark books put out earlier by the Project carries what deserves the designation
of “Big Ideas.” Worse, in the two earliest-published Benchmark books, the basic unit of all life
forms — the living cell — is described as a soup enclosed by a cell membrane, that determines what
can enter or leave the cell. This is astonishing since extensive experimental evidence has unequivo-
cally disproved this idea 60 years ago. A “new” version of the membrane theory brought in to re-
place the discredited (sieve) version is the pump model — currently taught as established truth in
all high-school and college biology textbooks — was also unequivocally disproved 40 years ago.
This comment is written partly in response to Bechmark’s gracious open invitation for ideas to im-
prove the books and through them, to improve US secondary school science education.

KEY WORDS: AAAS, AAAS Project 2061, association-induction hypothesis, cells, cell biology,
cell membrane, membrane permeability, potassium ion, semipermeability, sieve membrane theory,
sodium ion, sodium pump hypothesis, solute distribution in cell

IN THE EARLY 1980’s, thoughtful Americans began to suspect something seriously re-
miss in the educational system, especially in science education. Books after books were
written. It began with “A Nation at Risk: The Imperative for Education Reform,” pub-
lished 1983 by the National Commission on Excellence in Education — in response to an



urgent request from the then Secretary of Education of the United States, T. H. Bell. The
following is an excerpt from the Commission’s report:

“In many other industrialized nations, courses in mathematics (other than arithmetic or
general mathematics), biology, chemistry, physics and geography start in grade 6 and are
required of all students. The time spent on these subjects, based on class hours is about
three times that spent by even the most science-oriented students (in the US), i.e., those
who select 4 years of science and mathematics in secondary school.”

As years went by, the concern began to focus more and more on biology teaching. Thus
in 1990, Fulfilling the Promise: Biology Education in the Nation’s Schools was published
conjointly by three organizations: the Board on Biology, Commission on Life Sciences
and the National Research Council. The authors of this volume first pointed out that in the
widely adopted high school curriculum in the US, biology holds a pivotal position. It is
at the start of the sequence of science courses. At its best, an inspiring biology course may
invoke the student’s interest in not just biology but other sciences as well. In most cases,
this goal has not been reached, as a 1988 survey showed. 

Of the 1200 students tested for their knowledge on biology, 50% of those who never
took a course in biology actually did better than 40% of those who did. As the (high
school) students left the biology course, their typical reaction was “never to take another
science course unless made to do so.”

One major cause for the trouble, according to the authors of Fulfilling the Promise, is
the poor quality of the biology textbooks. They de-emphasize the drama and excitement
of discovery and “portray biology as the worst kind of literature — all characters and no
story.” Other studies reached a similar verdict.

On June 8, 2000 Anjetta MacQueen of the Associated Press made banner headlines in
newspapers across the Nation with her article, “Group gives biology textbooks failing
grade.”

In brief, a study by Project 2061 of the American Association for the Advancement of
Science (AAAS), revealed that 9th through 12th grade biology textbooks used in the
United States, despite their enormous size and lavish illustrations, uniformly fail to
convey “big ideas.” Of all the ten most popular textbooks examined, none escaped the in-
dictment. 

Dr. George Nelson, the director of this arm of Project 2061, explains with a parable
what the project meant by “big ideas”. “Providing bits of information about transmission,
carburetors, fuel injectors, universal joints, and cooling systems doesn’t convey a sense of
a car as a mode of transformation.” What the parable suggests is that, like the disassem-
bled auto parts, the biology textbooks also present the names, illustrations and other de-
scriptions of bits and pieces of the living cell — to the exclusion of the “big ideas” how
these parts work together to make a living cell living. Put it differently, what is completely
missing in the high school textbooks is a valid coherent theory of living phenomena at the
basic level.

The question now shifts to, Has Project 2061 itself uncovered these “Big Ideas? It
seemed that Project 2061 was way ahead of me in asking this question. 

Thus, Project 2061 did not begin and end with this survey of high school biology text-
books its ultimate goal. Much earlier, Project 2061 had involved several hundreds of sci-
entists, mathematicians, engineers, physicians, historians and educators in producing a
series of benchmark books on all sciences (Project 2061 1990, p. x.)

The first one of the series that came off the press in 1993 is entitled Science for All
American. As pointed out by Project Director, Dr. F. James Rutherford in its Preface, the
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purpose is to present what he regards as a valid expression of “the view of the scientific
community on what constitutes literacy in science.” Then on page 63 of the book, I found
the following passage describing the basic unit of all life: the living cell:

“All living cells have similar types of complex molecules that were involved in these basic ac-
tivities of life. These molecules interact in a soup, about 2/3 water surrounded by a mem-
brane that controls what can enter or leave...”

Four years later, Project 2061 published the second book of the series, entitled Bench-
marks for Science Literacy. On page 113, it describes once more the living cell:

“Every cell is covered by a membrane that controls what can enter and leave the cells. . . .”

However, neither in these passages nor elsewhere in the books could one find what Dr.
George Nelson might call the “big ideas.” That is, ideas that would give coherence to, and
make sense out of the unconnected bits and pieces of the living cell. 

Worse, the idea reiterated in both volumes that a cell membrane determines what can
enter or leave the cell is wrong. The idea that chemicals in the biological environment can
be sorted out into two kinds — those that can enter and leave the cell and others perma-
nently and absolutely left out — is implicit in van’t Hoff’s theoretical concept of semi-
permeabilit (van’t Hoff 1887, 1888.) It is more commonly known under the name of the
Sieve Membrane Theory of the living cell. Unfortunately, this too has been unequivocally
disproved well over half of a century ago. However, even that is not all that has gone
wrong and calls for prompt recognition and remedy. 

The discovery of the fallacy of the Sieve version of the membrane theory in the
1930–1940’s led to the adoption of the sodium pump version of the membrane theory.
And soon it was taught in virtually all high school as well as college biology textbooks,
including the ten most prominent biology textbooks Project 2061 scrutinized as well as
four of the most prominent college biology textbooks I examined (for names, see Endnote
1 of article.) 

Figure 1 is a cartoon of the elaborate four-color renditions of the sodium pump found
without fail in every one of the heavy biology textbooks that I have examined.

The trouble is, this pump version of the membrane theory too was disproved — not last
year, or the year before that, but fully forty (40) years ago — a solid fact that was, as if
by magic, made invisible to Project 2061 and its advisors. 

There is little question in my mind that Dr. George Nelson and Dr. F. James Rutherford
as well as their staffs are highly capable and dedicated people. Nonetheless, the inability
to see and recognize the proven fallacy of the (later) pump version of the membrane the-
ory in all the textbooks scrutinized was Mystery 1.

The recommendation as a guideline for future textbook improvements, another version
of the membrane theory that was disproved even earlier, the sieve version, was Mystery
2. Taken together, these two mysteries have created a grave crisis.

For if allowed to continue uncorrected, it would undermine the high-minded and noble
purpose of Project 2061. For inaction would create the false impression that no one
really cares about the future of all high school students — which literally means the
future America — as well as the rest of the world that follows in the footsteps of
America. 

It is almost an anticlimax to point out how allowing proven falsehood to be taught
universally year after year as established truth would also demoralize the teachers and
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seriously tarnish the good name and credibility of Project 2961 in particular and AAAS
in general. 

However, like many other crises, it also brings with it an uncommon opportunity. For
as the Chinese word for crisis (wei-chee) points to, it is a combination of the word for
danger (wei) and that for opportunity (chee). Incidentally, former Vice-President Al Gore
also called attention to this Chinese word combination in his immensely important book
on global warming, The Inconvenient Truth — a title that, I think, may aptly be applied
to what I am writing too.

This communication, the first installment of what I am writing on the crisis, was begun
in the hope that Project 2061 was seriously looking for ways to improve their otherwise
wonderful books when it offered at the end of Benchmark a gracious open invitation for
comments. 

This installment will concentrate on what has so far eluded Project 206: the disproof of
both the sieve version and the pump version of the membrane theory. In a following in-
stallment, I shall examine how I can in other ways help Project 2061 in realizing its goal
— by thinking aloud with my readers how major scientific progress had been achieved in
the past and how learning science, especially the rapidly advancing life science, is not
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FIGURE 1. A diagrammatic illustration of what is given in most if not all current biology textbooks,
representing of a phospholipid bilayer cell membrane traversed by one sodium (potassium) pump.



only committing to memory some facts but in learning how to question and the mental
skill to determine what is popular fallacy and what is truth. 

In the end, I may be able to help by pointing out the direction where the “Big Idea”
might be in existence all along but made invisible by the same magic factors that have
blinded Project 2061 to part of the real-life history of sieve and pump.

The experimental unanimous disproof of the concept that the cell membrane deter-
mines what can enter or leave the cell

By the mid-19th century, it was already widely known that salts, like table salt, or sodium
chloride (NaCl), do not exist as single entities but comprise two (or more) electric charge-
bearing entities called ions. For sodium chloride, the two kinds of ions are the positively-
charged cation, sodium ion, represented by the notation, Na+ and the negatively-charged
anion, chloride ion, represented by the symbol Cl−. Similarly, the salt, potassium chloride
(KCl) consists of the cation, K+, and the anion, Cl−.

When sodium chloride is dissolved in water, each ion goes its own way and in the
process taking on a more or less permanent coat of water molecules. For that reason, the
sodium cation in water or another aqueous medium is sometimes called hydrated sodium
ion. Now, the force holding the Na+ and water molecules together in the hydrated sodium
ion is electrostatic in nature. As such, its strength depends on the “distance of the closest
approach” separating the ion and water molecules. Now, a naked Na+ has an atomic
weight of 22.99; it is therefore smaller than an unadorned K+ with an atomic weight of
39.10. As a result, the positive charge of the smaller Na+ can come and stay closer to, and
thus exercises a stronger attraction for, the surrounding water molecules than the larger
K+ and consequently the smaller Na+ holds onto more water molecules around itself than
around the larger K+. The net result is that the hydrated Na+ ends up being larger than the
hydrated K+. This difference in the hydrated ionic sizes is important for understanding the
once popular theory on selective membrane permeability to be discussed below.

But before that, we must first turn our attention to two other salts: cupper sulfate
(CuSO4) and potassium ferrocyanide (K4Fe(CN)6). Like NaCl and KCl, when these salts
dissolve in water, they too dissociate into their component ions, which include the copper
cation, Cu++, carrying two positive electric charges and the ferrocyanide anion, Fe(CN)6

4−

carrying four negative electric charges. These two salts played a key role in a simple but
fateful experiment carried out by a Berlin tradesman-scientist by the name of Moritz
Traube some time before the year 1867.

In this experiment, Traube (1867) brought together one drop of a solution of copper
sulfate and another drop of a solution of potassium ferrocyanide. He noted that at the sur-
face of contact between the two drops, where the copper ion from one drop met the
ferrocyanide ion from the other drop, a reddish-brown gelatinous precipitate of copper
ferrocyanide was formed. And, once this precipitation membrane was formed, no 
further precipitate was formed beyond the membrane in either direction. The conclusion
Traube reached was that this gel membrane is impermeable to the copper ion and the
ferrocyanide ion. 

So Traube had thus discovered the way to make a nearly perfect model of what the
Dutch physical-chemist, J. H. van’t Hoff (1887, 1888) envisaged theoretically as a semi-
permable membrane. Namely, a membrane that permits the passage of water but not the
substances or solutes dissolved in water. 
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By allowing the precipitation to take place not in open water as Traube did but in the
fine pores of an unglazed porcelain thimble, Pfeffer succeeded in making a much sturdier
copper ferrocyanide membrane that can be freely handled and manipulated (Pfeffer 1877,
1985.) 

Now, if one immerses such a copper-forrocyanide membrane thimble in a vessel con-
taining water and introduces a strong solution of cane sugar, or sucrose, inside the thim-
ble, water outside the thimble will move to the inside of the thimble. However, this
movement of water can be stopped or even reversed in direction if one applies a positive
mechanical pressure to the inside of the thimble. The magnitude of the mechanical pres-
sure required just to stop the water flow was referred to as the osmotic pressure produced
by the sucrose solution used (Findlay 1919.) The demonstration of a positive osmotic
pressure then becomes a way to determine whether or not a particular water-soluble sub-
stance like sucrose is able to permeate the copper ferrocyanide membrane. Soon a large
number of solutes were tried, some pronounced as permeant, others impermeant.

Among the substances found unable to cross the copper ferrocyanide membrane are su-
crose, potassium sulfate, calcium chloride, potassium ferrocyanide. In contrast, potassium
chloride (KCl) was able to pass through the copper ferrocyanide membrane (Ostwald 1890.)

To explain the behavior of this nearly ideal semipermeable property, Traube introduced
an “atomic sieve theory.” In this theory, the copper ferrocyanide gel membrane has pores
of such a diameter that only small molecules and ions can pass through the membrane.
Larger molecules and ions are barred — indefinitely. (For the ultimate fate of this theory,
see Ling 2001, p. 115, 133.)

Asymmetrical distribution of Na+ and K+ in living cells

Abderhalden was a talented and highly productive scientist. Once he studied under the
great German chemist, Emil Fischer, to whom we owe much of the fundamental knowl-
edge of proteins. In 1898 Abderhalden published the results of an analysis of the K+ and
Na+ concentration in the blood plasma and in the red blood cells of rabbits. His data, re-
produced here in Table 1, shows much more Na+ than K+ in the blood plasma. In sharp
contrast, the red blood cells contain a high concentration of K+ and no Na+ at all (Abder-
halden 1898.) 

Other investigators went on to find out if this absence of Na+ in (rabbit) red blood cell
could be confirmed in other types of living cells that could also be isolated from the host
animal in intact and healthy form. One type of cells they chose was the cell of the small
voluntary muscles of frogs, notably the frog sartorius muscle, which can be easily isolated
surgically in an intact form. In the 4th edition of his famous Textbook of General Physiol-
ogy, which appeared in print in 1923, Sir William Bayliss noted that from all the evidence
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TABLE 1. Abderhalden’s historic data on the K+ and Na+ contents of the 
rabbit plasma and red blood corpuscles. 

plasma Red blood cells
(mM) (mmoles/kg)

Potassium 6.59 133

Sodium 193 0

The unit of concentration has been changed from parts per million in the original to milli-molarity or millimoles
per gram. (data from Abderhalden 1898)



on hand, “it is almost certain that there is no sodium ion in frog muscle cells ” (Bayliss
1927, p. 121.) From these historical “discoveries” many at the time believed that cells in
general contain no sodium ion but at the same time an abundance of its chemically highly
similar sister alkali metal ion, K+.

In 1926 L. Michaelis, a very capable biologist, was aware of the difference in the sizes
of the hydrated K+ and hydrated Na+. Thus armed, he introduced the idea that it was the
smaller size of the hydrated K+ that allows it to pass through the new kind of membrane
model made of dried collodion (i.e., nitrocellulose or gun cotton.) And as he also observed
experimentally, the larger hydrated Na+ apparently could not do so. Two years later, a pair
of German cell physiologists, R. Mond and K. Amson (1928) from Heidelberg adopted
Michaelis’s pore-size vs K+/Na+ selectivity idea and used it to explain the sustained high
concentration of K+ and absence of Na+ (or low Na+, see below) in frog muscle cells.
Namely, the small K+ can enter through small membrane pores and accumulates inside the
cells while the larger Na+ are kept out permanently.

In 1941 P.J. Boyle and E.J. Conway from Dublin published a landmark paper begin-
ning on page 1 of Volume 100 of the (English) Journal of Physiology (Boyle and Conway
1941.) The paper bears the title, Potassium Accumulation in Muscle and Associated
Changes. (Regrettably, these authors, who have in fact elaborated on the theme of Mond
and Amson gave no credit to the prior authors for expressing the same idea earlier — even
though they knew about Mond and Amson’s relevant paper, which in fact was in the ref-
erence list of Boyle and Conway’s paper, but noted only for a minor side issue.) However,
Boyle and Conway did add something new. While Mond and Amson believed that the
muscle cell membrane is impermeable to chloride ion (Cl−) as many others also believed
at that time, Boyle and Conway believed and showed evidence supporting the opposite.
This is important for their theory. 

Table 2, reproduced from Boyle and Conway’s article shows their quantitative theory
for the sieve membrane idea. Based on the known mobility data in the literature, they
were able to divide a gathering of ions into two categories: those supposedly able to tra-
verse the cell membrane and others unable to do so. Examples of permeant ions include
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TABLE 2. Boyle and Conway’s quantitative sieve membrane theory. 

Velocities of ions under gradient of Relative ion diameters (diameter of
I V./cm. or 0·5 V./cm. for divalent ions potassium ion= 1·00)

Cations Anions Cations Anions

H 315·2 OH 173·8 H 0·20 OH 0·37
Rb 67·5 Br 67·3 Rb 0·96 Br 0·96
Ca 64·2 I 66·2 Cs 1·00 I 0·97
NH4 64·3 Cl 65·2 NH4 1·00 Cl 0·98
K 64·2 NO3 61·6 K 1·00 NO3 1·04

Na 43·2 CH3COO 35·0 Na 1·49 CH3COO 1·84
Li 33·0 SO4 34·0 Li 1·95 SO4 1·89
Ca 25·5 HPO4 28 Ca 2·51 HPO4 2·29
Mg 22·5 Mg 2·84

The mobility data were from the International Critical Table and Chemiker Kalender. The relative ionic diameters
were calculated on the basis of their diverse mobilities and on the assumption that K+ has a relative diameter of
one. (from Boyle and Conway, by permission of the Journal of Physiology, London)



the K+ and Cl−, which, being smaller are able to traverse the muscle cell membrane and
accumulate inside the cell. The larger hydrated Na+ and sulfate (SO4

−), like the other
larger ions magnesium (Mg++) and calcium (Ca++), are unable to go through the pores and
are left out permanently and absolutely. 

Boyle and Conway’s 1941 paper gained worldwide attention. Nonetheless, before it
had appeared in print, evidence refuting the the underlying concept that the muscle cell
membrane is impermeable to Na+ (and other large ions) began to appear and with time be-
came a torrent of mutually-supportive, and highly consistent revolutionary findings.

Disproof of the concept that membrane impermeability accounts for the (once-
believed) absence of Na+ in living cells

The following are six examples of experimental findings, which unanimously testified to
the permeability of the cell membrane to the classic membrane-impermeable cation, Na+:

1. Wu and Yang (1931) reported experiments in which they  injected NaCl solution into
the veins of dogs and found significantly higher concentration of Na+ in the muscle
cells. They conclude that the muscle cell membrane is permeable to Na+.

2. Kaplanski and Boldyreva (1933, 1934) kept carps ( a large fresh water Cyprinid fish)
for one month in a 1.5% solution of NaCl. In consequence, the Na+ concentration of
the fish muscle nearly doubled while that in the blood remained unchanged (Table 3.)
They too concluded that the muscle cell membrane is permeable to Na+.

3. Cohn and Cohn (1939) injected intravenously radioactive isotope 24Na into veins of
dogs. After varying lengths of time, blood was withdrawn, the red blood cells sepa-
rated from plasma by centrifugation and then washed twice before their radioactivity
was assayed. Their figure reproduced here as Figure 2, demonstrates steady accumu-
lation of radioactive 24Na in the red blood cells with time, leading the authors to the
conclusion that the the cell membrane of the canine red blood cells is also permeable
to Na+.

4. L. Heppel fed rats on a low-potassium diet for 34 to 44 days, sacrificed some of the
rats and analyzed the K+ and Na+ contents of rat tissues and found a decrease of K+

level and an increase of Na+ level. Heppel concluded that the muscle cell membrane is
permeable to Na+(Heppel 1939.) When radioactive isotope 24Na was injected into the
K+-depleted rats, the ratio of 24Na in rat muscle over that in serum reached the ratio of
total Na+ in muscle over that in serum in about 60 minutes as shown in Heppel’s data
presented here as Table 4 (Heppel 1940.)

5. B. Steinbach (1940) demonstated that frog sartorius muscle when incubated in a solu-
tion containing no K+ but the normal amount of Na+, lost K+ and gained Na+. These
changes were reversed when the depleted sartorius muscles were transferred to a
Ringer’s solution containing a normal concentration of both K+ and Na+. After another
period of incubation, the muscles regained its lost K+ and extruded the extra Na+ ac-
cumulated. Steinbach’s table is reproduced here as Table 5. The author also concluded
that the frog muscle cell membrane is permeable to Na+.

6. Several tenths of a 1 mm in diameter and one or more centimeters in length, the giant
inter-nodal cell of fresh water alga Nitella is diagrammatically illustrated in Figure 3.
S.C. Brooks (1940) exposed Nitella internodal cells to radioactive 24Na-labeled Na+

and 86Br−-labeled Br− for different lengths of time. He then determined the concentra-
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TABLE 3. The concentration of Na+ in the blood and muscle of carps kept in a 
1.5% NaCl solution for 70 days. 

Tissue Control Experimental

Blood 123 129

Muscles 40 111·4

Data represent averages of many experiments and are in units of mg. per cent. (data of Kaplanskii and
Boldyreva, 1934) 

FIGURE 2. Radioactive 24Na in isotonic saline was injected intravenously into normal healthy
dogs. After varying lengths of time, blood samples were withdrawn, centrifuged and the red cells
collected, washed and its radioactivity assayed. The red cell 24Na contents expressed as a fraction
of the plasma 24Na concentration and shown on the ordinate and the total time after injection given
as the abscissa. Different symbols refer to length of time between withdrawal of blood and radio-
activity assay and whether or not the sample was kept under oil to prevent entry of CO2. (from Cohn
and Cohn, 1939 by permission of the Society of Experimental Biology and Medicine)



tions of these labeled ions in both the cytoplasm and the sap filling the large central
vacuole. Figure 4 shows that labeled Na+ entered the cytoplasm very rapidly while it
took longer to reach the sap. Fast or slow, there is no question that both the cell mem-
brane (alias plasma membrane) lining the outer surface of the cytoplasm and the vesic-
ular membrane or tonoblast lining the inner surface of the cytoplasm are permeable to
Na+ (and Br−.)
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TABLE 4. Penetration and equilibration of 24Na into K+-depleted rats fed on 
a low K+ diet for 34–44 days. 

24Na in muscle Na+ in muscle____________ ___________
24Na in serum Na+ serum

Time between injecting 24Na
solution and sacrifice of

animal (min)

5 14 39.2

10 17 23.5

10 15 26. 8

20 23 36.4

31 31 34.4

60 33 32.7

60 28 35.0

182 38 31.1

187 38 41.2

215 32 30.2

260 33 32.6

(Data from Heppel 1940)

mmoles/kg

mmoles/kg
×









100

cpm/g

cpm/g
×









100

TABLE 5. K+ and Na+ exchange in frog muscle

Frog No. Muscle No. Na K Cl Change

1 1 5.95 3.60 2.82 Na −2.67, K +25, Cl none
2 3.28 6.05 2.94

2 1 5.35 3.75 2.97 Na −1.93, K +1.55,
2 3.42 5.30 2.78 Cl none

Pooled analyses† 1 5.04 3.44 3.79 Na −1.00, K +1.55,
(4) (8) (8) Cl +0.31

2 4.04 4.99 4.10
(4) (8) (8) 

Muscles were soaked for 17 hours in K+-free Ringer solution. One muscle was taken out for analysis while a
second muscle was returned to a Ringer solution containing 10 mM K+ and 6 to 8 hours before analysis. The
data are not corrected for ions in the extracellular space. (from Steinbach, by permission of the Journal of Bio-
logical Chemistry.)

†The figures in parentheses give the number of separate analyses making up the average figure. The figures are
not corrected for extracellular space.
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FIGURE 3. A diagrammatic illustration of a mature plant cell. (from Miller, 1936?)

FIGURE 4. The time course of the changing concentrations of radioactively labeled Na+ and Br−

in the cytoplasm and in the vacuolar sap of internodal cells of Nitella clavata. Cells were incubated
in a solution containing 0.02 M labeled NaCl or 0.01 M labeled NaBr for up to 24 hours. Plants
used in the Na+ experiments had been pretreated by a prior incubation for 15 hours in a 0.01M non-
labeled NaCl solution. pH of the media used about 6.0. Procedures of isolating the sap, the deter-
mination of the weight of cytoplasm (protoplasm), the intensity of illuminations etc. can be found
in Brooks’ original article. (from Brooks 1939, by permission of Journal of Cellular and Compar-
ative Physiology.) 

In summary, from 1931 to 1940 scientists using a variety of experimental methods and
animal tissues — including mammalian red blood cells and isolated frog muscle — have
unanimously demonstrated that the cell membrane in general is permeable to Na+. Thus,
the once-popular idea that there is no sodium in living cells and that this absence of Na+

is due to an absolute impermeable cell membrane with pores too narrow for the large hy-
drated Na+ to squeeze through are unequivocally disproved. 



TABLE 6. The K+ and Na+ (as well as Rb+ and Cs+) concentration in the plasma and 
14 rat organs fed a K+-free diet containing Rb+ and Cs+ for a total of 14 days. 

Animal No. 9070806 9070807 9071713 9071714

Duration of
feeding (days) 6 8 14 15

Concen- Concen- Concen- Concen-
tration, [p] tissue tration, [p] tissue tration, [p] tissue tration, [p] tissue________ ________ ________ ________

Organ Ion µM/g [p] plasma µM/g [p] plasma µM/g [p] plasma µM/g [p] plasma

Plasma Na 142.84 - 128.89 - 150.98 - 151.00 -
K 8.22 - 5.26 - 5.03 - 4.03 -
Rb 0.22 - 0. 24 - 0.12 - 0.31 -
Cs 0.56 - 0.30 - 0.30 - 0.67 -

Brain Na 59.84 0.42 44.84 0.35 38.53 0.26 53.72 0.36
K 90.42 11.00 85.41 16.24 63.86 12.70 72.29 17.00
Rb 0.64 1.14 2.56 8.53 2.49 8.30 - -
Cs - - 0.64 2.67 0.71 5.92 - -

Lens Na - - - - 28.06 0.19 36.41 0.24
K - - - - 32.50 6.46 59.71 14.80
Rb - - - - 2.83 9.43 6.64 21.40
Cs - - - - 0.71 5.92 3.67 5.48

Gastroeneimus Na 30.74 0.22 23.52 0.18 41.90 0.28 30.32 0.20
K 88.15 10.72 85.04 16.17 83.80 16.66 71.54 17.80
Rb 1.79 6.27 4.34 14.47 7.29 24.30 8.80 13.20
Cs 1.38 3.20 2.39 9.96 4.86 40.50 7.64 24.60

Diaphragm Na 41.42 0.30 29.71 0.23 31.50 0.21 46.30 0.33
K 93.75 12.41 78.63 14.95 31.49 6.26 69.44 17.20
Rb 2.16 3.86 4.10 13.67 4.81 28.75 8.47 18.20
Cs 1.70 7.72 2.65 11.04 3.45 16.03 12.22 27.30

Heart Na 59.07 0.41 62.05 0.48 50.53 0.34 49.18 0.33
K 72.80 8.86 54.29 10.32 30.85 6.14 158.24 14.47
Rb 1.15 2.05 3.70 10.53 3.12 17.50 8.15 12.16
Cs 1.48 6.59 1.39 8.92 2.11 10.40 3.57 11.50

However, by itself, this set of evidence could not be seen as having disproved in general
the (atomic) sieve membrane theory — which was introduced first by Traube, reaching its
peak development in the work of Michaelis, Mond and Amson and Boyle and Conway.
We will come back to this subject later. 

I have reproduced in Table 1 Abderhalden’s data on zero sodium concentration in rab-
bit red blood cells mostly for historical reason. Later work using more precise methods
showed that there is Na+ in rabbit red blood cells after all — though at a concentration
much lower than either that of K+ in the red blood cell or that of Na+ in the bathing
plasma. For example, Ponder’s book, Hemolysis and Related Phenomena gave an intra-
cellular K+ concentration of 90 mmoles per liter of rabbit red blood cells and an intracel-
lular Na+ concentration of 16 mmoles per liter (Ponder 1948, p121.) This high
intracellular/extracellular ratio of K+ and low intracellular/extracellular ratio of Na+ are by
no means limited to rabbit and other red blood cells. Rather, they are the rules for K+-Na+

distribution in most living cells examined. 
Thus, Table 6 taken from Ling (1962) shows that the rule holds for all 14 kinds of rat

tissues listed. However, the data are given in micro-molarity per gram of fresh tissue. No
correction was made for Na+and other ions trapped in the extracellular space. 
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Spleen Na 35.82 0.25 32.53 0.25 30.02 0.20 49.63 0.33
K 95.56 11.63 84.86 16.13 62.99 12.52 70.59 17.50
Rb 3.01 5.37 3.56 11.87 6.64 20.58 11.65 17.40
Cs 1.12 5.09 2.04 8.50 2.47 22.13 3.97 12.80

Erythrocyte Na 32.32 0.23 24.77 0.19 30.41 0.20 32.01 0.21
K 70.41 8.57 68.96 13.11 67.70 13.45 61.96 15.40
Rb 1.21 2.16 2.46 8.20 4.16 13.86 5.88 8.78
Cs 0.42 1.91 0.48 2.00 0.59 4.92 1.25 4.03

Kidney Na 80.00 0.56 60.89 0.47 98.56 0.65 68.31 0.45
K 58.00 7.06 52.19 9.92 45.67 9.08 44.33 11.00
Rb 1.22 2.19 3.36 11.20 8.46 28.20 8.98 13.40
Cs 1.32 6.00 2.78 11.58 5.38 44.83 5.84 18.80

Liver Na 38.25 0.27 30.63 0.24 62.22 0.41 43.99 0.29
K 74.84 9.10 76.86 14.61 63.55 12.63 47.25 11.75
Rb 3.14 5.61 5.62 18.73 8.90 29.83 12.32 18.40
Cs 1.00 4.54 2.38 9.92 8.26 68.83 6.91 22.30

Stomach Na 63.40 0.44 45.31 0.35 67.54 0.45 - -
K 65.21 7.93 45.31 8.61 24. 88 4.95 54.34 13.40
Rb 2.28 4.07 3.36 11.20 6.74 22.47 16.17 24.10
Cs 1.85 8.41 2.72 11.33 4.73 39.42 9.20 29.70

Duodenum Na 66.66 0.67 53.19 0.41 86.79 0.57 67.26 0.45
K 93.33 11.35 72.69 13.82 75.67 15.04 65.22 16.20
Rb 2.60 4.64 4.89 16.30 10.42 34.74 11.86 28.40
Cs 2.20 10.00 4.04 16.83 7.48 62.33 8.80 17.70

Large intestine Na 54.32 0.38 45.63 0.35 44.94 0.30 58.14 0.39
K 76.04 9.25 66.37 12.62 44.94 8.93 68.18 16.90
Rb 3.30 5.89 3.48 11.60 5.39 17.97 10.29 15.40
Cs 2.51 11.41 3.29 13.71 4.36 36.33 6.91 22.30

Adrenal gland Na 66.16 0.46 - - 78.09 0.52 63.83 0.42
K 73.79 8.98 - - 78.09 15.52 56.23 14.00
Rb - - - - 9.37 31.23 6.66 9.90
Cs - - - - 6.65 55.42 5.65 18.20

Testis Na - - - - - - 51.41 0.34
K - - - - - - 58.97 14.60
Rb - - - - - - 6.77 10.10
Cs - - - - - - 3.30 10.70

Data are given in µmoles per gram of fresh tissue or plasma. The tissue/plasma ratios are given under [p]tissue/
[p]plasma. Note that in all cases, the [p]tissue/ [p]plasma for Na+ are consistently below unity. A substantial fraction
of the tissue Na+ is in the extracellular space, which in this case was not subtracted. To obtain a rough idea how
much of the tissue Na+ is in the cells and how much in the extracellular space, see Table 7 following. (data from
Ling 1962)

TABLE 6. (continued) 

Animal No. 9070806 9070807 9071713 9071714

Duration of
feeding (days) 6 8 14 15

Concen- Concen- Concen- Concen-
tration, [p] tissue tration, [p] tissue tration, [p] tissue tration, [p] tissue________ ________ ________ ________

Organ Ion µM/g [p] plasma µM/g [p] plasma µM/g [p] plasma µM/g [p] plasma



Table 7, in contrast, presents a more elaborate set of data on the K+ and Na+ distribu-
tion in 11 (or 12) types of frog tissues and cells beside Achilles tendon and skin. Based
on data obtained by the Ling and Walton’s centrifugation method for determining the
amount of water (and solute) in the extracellular space, Table 7 presents both the weight
percentage of extracellular-space water designated as centrifugation-extractable water
and the K+ and Na+ content of unadulterated living cells. Without exception, all 11 (or 12)
types of frog tissue cells demonstrate the same high intracellular/extracellular ratio for K+

and low intracellular/extracellular ratio for Na+ as seen in rabbit red blood cells. None of
them, however, shows zero Na+ content.
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TABLE 7. The K+ and Na+ contents of 11 types of tissues and cells in addition to skin and
Achilles tendon of normal North American leopard frogs (Rana pipiens pipiens, Schreber.) 

Centrifugation
Total tissue extractable Cell water [Na+]in [K+]in

water content water content µmoles/ gram µmoles/ gram
Tissue (%) (%) (%) wet wt wet wt

Plasma 103.8 (mM) 2.5 (mM)

Achilles tendon 82.5 ± 0.40 18.4 ± 3.64 78.3 ± 1.31 65.8 ± 2.50 52.7 ± 2.43

egg 48.7 ± 0.48 40.3 ± 2.33 49.9 ± 1.94

heart (ventricle) 83.4 ± 0.35 15.7 ± 0.72 80.3 ± 0.32 33.4 ± 2.14 80.6 ± 2.32

intestine 81.4 ± 0.55 12.7 ± 1.31 78.7 ± 0.39 55.7 ± 2.20 71.2 ± 2.20

kidney 81.0 ± 0.50 17.6 ± .44 77.0 ± 0.33 43.7 ± 0.81 83.0 ± 0.72

lens 63.8 ± 0.61 61.8 ± 2.94 23.6 ± 2.81

liver 73.3 ± 0.46 15.9 ± 1.38 68.3 ± 0.36 24.0 ± 1.66 73.5 ± 0.43

muscle (sartorius) 79.3 ± 0.49 8.20 ± 0.32 77.4 ± 0.53 22.6 ± 3.17 106.3 ± 2.65

oviduct (with eggs) 10.8 ± 1.44 75.8 ± 0.46 14.9 ± 1.28 28.1 ± 3.16

oviduct (without eggs) 79.6 ± 0.67 24.0 ± 1.02 73.2 ± 3.65 47.3 ± 1.06 69.0 ± 7.47

skin 75.7 ± 1.10 15.1 ± 0.96 71.4 ± 1.02 73.0 ± 8.0 47.5 ± 2.18

spleen 77.1 ± 2.98 7.94 ± 1.60 75.1 ± 0.40 20.3 ± 0.87 107.9 ± 1.31

stomach 82.0 ± 0.69 11.2 ± 1.22 79.7 ± 0.53 65.7 ± 1.76 54.9 ± 1.77

testis 85.4 ± 1.14 18.5 ± 2.10 82.1 ± 1.10 30.5 ± 1.09 95.4 ± 0.81

To determine the percentage of water in cells and in the extracellular space, we used the centrifugation method
of Ling and Walton (1975.) The method consists of weighing the tissue after following a standard procedure of
blotting on wetted filter paper, followed by wrapping and hermetically sealing the tissue-semi wet filter paper
stack in paraffin film (Parafilm) before centrifugation for 4 minutes at 1000 g. It is absolutely necessary to pre-
pare the so-called semi-wet filter paper correctly and not allowing it to dry. To prepare semi-wet filter paper, a
stack of Whatman No. 1 filter paper is soaked overnight in a regular frog Ringer’ solution (Formula 731, see
Ling and Bohr (1969) for detailed composition) and then centrifuged exactly the same way as the tissue (4 min-
utes at 1000 g) while the Parafilm wrapped package sits at the bottom of a 25 ml metal shield in an International
Centrifuge and spun for 4 minutes at 1000 g. Once the extracellular water content, listed as centrifugation ex-
tractable water, is obtained, the K+ and Na+ contents of the tissue cells were then calculated from the total tis-
sue K+ and Na+ contents and listed respectively as [K+]in and [Na+]in in µmoles / gram of fresh cell weight. (from
Ling and Ochsenfeld, unpublished)



The failure of the atomic sieve theory is not limited to the asymmetric distribution of
Na+. Rather, it includes the intra-, extracellular distribution of all of the larger solutes that
have been studied in adequate detail (Ling 1952 pp. 761–763; Ling 2006, Table 1 on 
p. 7.) Three technical advances have made it possible for us to say that we have so far not
encountered a single water-soluble chemical substance that we can say without hesitation
to be absolutely and permanently unable to go through a cell membrane or non-living
model of the cell membrane. (That said, I must also admit that an elephant will not be
able to enter a living cell. Anything less than an elephant but say almost as big as a liv-
ing cell may be able to enter it, but only if we can verify that by waiting long enough.)

The three technical advances are: (1) a way of keeping isolated tissues in vitro in phys-
iological condition for 9 days at 25° C and a month or more at 0° C (Ling and Bohr 1969);
(2) the availability of a wide range of ions and chemical, big and small in the radioactively
labeled form; and (3) the introduction of 5 independent methods for the accurate deter-
mination of the extracellular space of frog muscle and other tissues (for rough description
and sources, see Ling 1997, p.136.) 

Thus equipped, we were able to study in detail the permeation into, and accumulation
in frog muscle cells, a wide variety of chemical substances. They include 21 sugars, sugar
alcohols and other nonelectrolytes as listed in Table 8. The same table also shows that,
without exception, everyone being able to penetrate and reach diffusion equilibrium
within 48 hours — some in much shorter times — even though the study was conducted
at the low temperature of 0° C; even though a solute like raffinose has a molar volume of
almost half of a liter (499 cc.) 

Next, we review another page of the history of cell physiology in the aftermath of the
crisis produced by the collapse of the atomic sieve theory as applied to Na+ distribution
in living cells. To salvage the membrane theory, according to which a living cell is a
membrane-enclosed solution of free water and free ions and other solutes, a hypothetical
device called the sodium pump was installed to replace the atomic sieve now out of the
picture. There is a striking difference, though, between the two models. A sieve performs
its function without the steady energy expenditure; a pump cannot.

The sodium pump

In 1946, I came to the United States from China to study cell physiology at the world-
famous Department of Physiology at the University of Chicago. It was a day in the sec-
ond spring after my arrival in Chicago, on which I gave a Monday afternoon seminar at
the Department. The subject of the talk was the Sodium Pump — based solely on a li-
brary research I made in the preceding weeks. At the outset of my talk, I told my audi-
ence that only thing I felt confident in sharing is that nobody seems to know what it is
beyond the name. 

To show that there was objective cause for my failure to find anything worth reporting,
I can now cite from two scientists from the Physiological Laboratory of the Cambridge
University of England. They apparently encountered a similar problem more than 25
years after me. Thus in the 1975 edition of the Annual Review of Physiology and under
the title, The Sodium Pump, Glynn and Karlish wrote:

“If the great mass of work that has been done led to the general acceptance, even provision-
ally and even in outline, of a hypothesis accounting for the working of the pump, we could
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have described the hypothesis and then consider the evidence for it. Unfortuinately, no such
hypothesis exists...” (Ital. mine.)

However, what I did not expect occurred at the end of my 1948 talk. It was the ex-
tremely kindly but equally startling response of two of my much respected and beloved
professors. Each took me aside and told me in private and in almost identical words that
the sodium pump is a sacred cow and I should leave it alone. There is nothing gained by
making yourself a martyr.

I sincerely thanked each of them for their kindness but asked myself, Why should any-
one in power care about what a lowly graduate student thinks about a purely scientific
theory? I could not just leave the sodium pump alone since it was directly in the path of
my Ph.D. thesis on the electrical potential of single frog muscle cells. 
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TABLE 8. Time for the 22 non-electrolytes (including labeled water) to reach diffusion
equilibrium in frog muscle cells. 

Equilibration Time
Solute (hours)

water << 1
methanol <20
ethanol <20
acetamide <10
urea <24
ethylene glycol <10
1,2-propanediol 24
DMSO < 1
1,2-butanediol 24
glycerol <20
3-chloro-1,2-propanediol 24
erythritol <20
D-arabinose <45
L-arabinose <45
L-xylose <45
D-ribose <24
xylitol 24
D-glucose <15
D-sorbitol <10
D-mannitol <24
sucrose < 8
raffinose 10

The sequential order in the list roughly follows the decreasing size or molecular volume of each compound, the
first one being the smallest, the last one, the largest. The data as a whole shows that with the exception of the
three pentoses, an incubation period of 24 hours at 0° C is adequate for all the other non-electrolytes listed. For
other data presented in the same publication, the final equilibrium distribution coefficients or q-values for all
solutes equal to or larger than those of erythritol (Molecular volume 130.27 cc), have q-values equal to, or
smaller than 0.29. In other words, these larger non-electrolyes distribute themselves with an asymmetry quanti-
tatively equal or very close to that of the Na+ in the same frog muscle cells. (from Ling et al 1993)



So, the next thing you know, I was doing an elementary experiment that anyone in the
same situation would have thought of immediately. That is, an experiment, which could
allow me to find out if the K+ and Na+ in an isolated frog muscle would change dramati-
cally when I cut off its energy supply by exposing it to metabolic poisons.

The very first experiment I did was mind absorbing. Nothing happened at all to either
the K+ content nor the Na+ content — long after the cessation of all its active metabolism.

In the weeks and months following, I repeated this simple experiment again and again
— without fail, each experiment reiterated to me the same story. As an illustration, the re-
sults of one of these repetitions was what I published in 1952 (Ling 1952, p. 765) and re-
produced here as Table 9.

Disproof of the pump version of the membrane theory on the basis of energy
insufficiency

As anyone who has pumped, say, water from a wet basement knows, pumping requires a
constant supply of energy. The moment one turns off the electricity, pumping stops. This
is, of course, an expression of the First Law of Thermodynamics, the Law of the Conser-
vation of energy (Fermi 1936.). 

Pumping water out of a basement performs work because water is lifted from a low
place to a high place up a gravitational gradient. Pumping Na+ out of the living cells also
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TABLE 9. Effect of Na iodoacetate (IAA)  and pure nitrogen and low temperature upon the
K+ concentration of frog muscle and nerves.

Weight mM. K+/l. of
Type of Tissue Muscle No. (gms.) intracellular water

Sartorius 1 Control 0.0870 60.7
2 Expt’l 0.0750 69.8

Semitendinosus 1 Control 0.0710 72.6
2 Expt’l 0.0795 81.8,

Tibialis anticus longus 1 Control 0.0938 71.1
2 Expt’l 0.0900 79.2

N. ischiadicus + 1 Control 0.0300 38.1
N. tibialis + N. peroneus 2 Expt’l 0.0260 39.5

Sartorius 1 Control 0.0730 73.4
2 Expt’l 0.0700 78.0

Semitendinosus 1 Control 0.0660 83.0
2 Expt’l 0.0730 77.4

N. ischiadicus + 1 Control 0.0260 42.8
N. tibialis + N. peroneus 2 Expt’l 0.0242 40.0

Muscles Nerves

Average Control 100.0% 100.0%
Expt’l 105.2% 98.5%

All muscles and nerves were incubated for 5 hours at 0° C, the experimental series in a Ringer’s solution con-
taining 0.5 mM IAA in an atmosphere of pure nitrogen, the controls in a plain Ringer’s solution in air. (from
Ling 1952, by permission of the Johns Hopkins University Press, Baltimore, MD)



performs work. Only here it is done against two gradients, a concentration gradient and
an electric gradient. The minimum energy that must be spent to pump one mole of Na+

from inside a frog muscle cell to the outside can be calculated when one poisons isolated
muscle cells with an atmosphere of pure nitrogen (plus 0.5 mM sodium cyanide) — ,
which suppresses aerobic respiration — and the poison, sodium iodoacetate (IAA), which
suppress anaerobic metabolism, or glycolysis. 

Of relevance here is the fact that in a frog muscle fully poisoned with pure nitrogen and
IAA, the only possible energy source are the content of the so-called high energy phos-
phate bond compounds, creatine phosphate (CrP) and ATP present in the muscle at the
moment the poisons applied terminated all active metabolism. The difference in the con-
tents of CrP + ATP at this moment and at the conclusion of the experiment gives the max-
imally available energy (see Ling 1952, pp. 765–766, Ling et al 1973, pp. 11–12 for
evidence against the existence of some as yet unknown energy source.)

Now, we need a Gerard-Graham-Ling (alias Ling-Gerard) microelectrode (Ling and
Gerard 1948) to monitor the cellular resting potential (about 85 mV inside negative), a 
γ-scintillation counter to monitor the rate of outward flux of radioactively labeled Na+

from the poisoned muscle cells and a cold room to accommodate the whole setup and
keep it at 0° C. It needs be mentioned that given the membrane theory’s doctrine of free
water and free ions in the cell, virtually all the measured Na+ coming out of the poisoned
cells must be due to pumping (Ling 1997, p. 155.) 

The first set of data comparing the maximally available energy and the minimum re-
quired energy was reported briefly in 1952 (Ling 1952.) Assuming that all the energy
available has just one purpose, i.e., pumping Na+, and that all processes involved in uti-
lizing energy is 100% efficient, the minimum energy need was found to be 400% of the
maximally available energy. 

However, rather crude methods of analysis and measurements were employed. So in the
course of the following five years, I spent much time improving the methods and making
more and more, better and better experiments. Results of the last three sets of fully com-
pleted experiments in 1956 are presented in Figure 5. It shows that the minimally needed
energy is at least from 15 to 30 times (or 1500% to 3000%) of the maximally available
energy (Ling 1962, p. 211.) Thus from energy consideration alone, the sodium pump hy-
pothesis was experimentally disproved. 

One may add that the essence of the finding has been first confirmed by Jones in mam-
malian smooth muscle (1965) and then by Minkoff and Damadian (1973) in the bacteria,
E. coli.

That said, I must add that this 15 to 30 times figure, overwhelming by any standard, is
not an accurate estimate. It still grossly underestimates the energy disparity.

The causes for this underestimation are many and no effort will be made to count them
all. Only two would suffice here. First, Na+ is but only one among a countless number of
solutes that are in the same position: being able to cross the cell membrane and found in
the cell at the concentration lower than that in the bathing medium. In a by no means com-
prehensive search, Ling et al ( 1973) found a minimum of 18 pumps already postulated by
the year 1968. Some of these postulated pumps are not single pumps but conglomerates of
pumps, like the sugar pumps and free amino acid pumps (Table 10.) None of the scientists
postulating these pumps paid attention to the already bankrupt state of energy supply from
one sodium pump alone. The isolated living cells have nowhere to borrow energy. 
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FIGURE 5. A comparison of the maximally available energy of (poisoned) frog sartorius muscle
cells at 0°C (upward black bars) and the minimum energy need to pump Na+ against both (mea-
sured) electric potential gradient and a concentration gradient. Duration of the experimental obser-
vation for Experiment (9-12-1956) lasted 10 hrs.; Experiment 9-20-1956, 4 hrs.; Experiment
9-26-1956, 4.5 hrs. Active oxidative metabolism was suppressed by exposure to pure nitrogen
(99.99%, in addition to 0.001 M NaCN); glycolytic metabolism, by sodium iodoacetate and doubly
insured by actual lactate analysis before and after the experiment. Other detailed studies reported in
1952 (Ling 1952, Table 5 on page 765) and in 1962 (Ling 1962, Table 8.4) showed respectively that
under similar conditions of 0° C temperature and virtually complete inhibition of active energy me-
tabolism, the K+ and Na+ concentrations in frog muscle, nerves and other tissues remain essentially
unchanged for as long as the experiments lasted (5 hrs. for the 1952 reported experiment, and 7 hrs.
and 45 min. in the 1962 reported findings. (For additional details, see Ling 1962, Chapter 8 and
Ling 1997.) In the computations, it was assumed that the frog muscle cell does not use its metabolic
energy for any other purpose(s) than pumping sodium ion and that all energy transformation and
utilization are 100% efficient. (from Ling 2004)



Second, the list of permeant solutes with below unity intra-, extracellular distribution
ratios include compounds that had not existed on this planet until some chemists synthe-
sized them for the first time in history. And, there is no limit to the number of these man-
made chemicals that would require pumps. For that reason, the number of required pumps
as a whole has no limit. 

Since the full documentation of my energy study of frog muscle was first published in
my 1962 book, A Physical Theory of the Living State: the Association-Induction Hypoth-
esis (Ling 1962), and this book has been long out of print, I decided in 1997 to reproduce
the entire section dealing with the subject as an appendix to a publication, entitled
“Debunking the Alleged Resurrection of the Sodium Pump Hypothesis” (Ling 1997,
Appendix 1.) (Other than directly going to the printed journal of the listed URL of the
paper itself, you can also reach it by going to the website (www.gilbertling.org) and find
Debunking as a link.) 

The 41-page lone main text of the 75-page long Debunking was an in depth review of
the disproof of the pump theory. It was written in response to a claim that there was
enough energy for the sodium pump after all. The Debunking article shows how this al-
leged resurrection was based solely on a non-existent crucial experiment and on know-
ingly tellng half truths. Why did my once starry-eyed student sink so low just to earn a
living, is what made me shed tears — not only for their loss but also for other would-be
scientists in the world they find themselves. What is spelled out in Debunking is one
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TABLE 10. A partial list of pumps already postulated in 1968 

Solute Direction System Reference*

Na, K coupled many cells 169
Ca++ outward RBC, striated muscle 170, 171
Mg++ outward frog sartorius 172
Choline+ inward RBC 173
Amino acids inward RBC, muscle, tumor 174–176
D-xylose inward rat diaphragm 177
D-xylose outward rat diaphragm 178
Na+ inward frog sartorius - 179, 180
Noradrenaline inward vascular smooth muscle 181
Prostaglandins inward mammalian liver 182
Curarine inward mouse diaphragm 183
Br−, I−, ReO4

−, WO4
− outward Ascites 184

CU+2 inward Ascites 185
Aminopterin inward Yoshida sarcoma 186
Cl− inward squid axon, motor neurons 187, 188
Mn++ inward E. coli 189
Cl− outward E. coli 189
Sugars inward E. coli 189
Amino acids inward E. coli 189
Tetracycline inward E. coli 190

* For references to the sources of these publications see Ling et al. 1973. (Ling et al. 1973, by permission of
the New York Academy of Sciences)



additional reason that had prompted me to take on the challenge of writing this document
and its sequel.

I thank Dr. Raymond Damadian and all the members of his Fonar Corporation for their continued
support, Margaret Ochsenfeld and Dr. Xhen-dong Chen for their dedicated and skilful help and
valuable scientific contrituions. 

Endnote 1. 

The list of ten biology textbooks that Project 2061 has examined and found rich in details
but short on “big ideas.”

(1) Biology (Miller-Levine) Prentice Hall, 1998; (2) Biology: A Community Context,
South-Western Educational Publishing, 1998; (3) Biology: Principles and Explorations,
Holt, Rinehart & Weston, 1996; (4) Biology: The Dynamics of Life, Glencoe McGraw-
Hill, 1996; (5) Biology: Visualizing Life, Holt, Rinehart & Weston, 1998; (6) BSCS Biol-
ogy: A Human Approach, Kendall Hunt, 1998; (7) BSCS Biology: An Ecological
Approach, Kendall Hunt, 1998; (8) Health Biology, D.C. Health & Co., 1991; (9) Insights
in Biology, Kendall Hunt, 1998; (10) Modern Biology, Holt, Rinehart & Weston, 1999.

Four college biology textbooks examined by GL:
(1) Molecular Biology of the Cell, 3rd ed., Garland Publishing, Inc. 1994; (2) Biology,

5th ed., Addison, Wesley Longman, Inc. 1999; (3) Essential Cell Biology: An Introduction
to the Molecular Biology of the Cell, Garland Publishing, Inc. 1998; (4) Molecular Cell
Biology, W. H. Freeman and Co., 2000.
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