Physiological Chemistry and Physics
and Medical NMR
Volume 36, Number 2, 2004

Addresses of Chief Editor and Editorial College

Chief Editor

Gilbert N. Ling
P.O Box 1452
Melville, New York 11747

Editorial College

O. D. Bonner

Department of Chemistry
University of South Carolina
Columbia, South Carolina 29208

Harris Busch

Department of Pharmacology
Baylor College of Medicine
Houston, Texas 77030

Ivan L. Cameron
Department of Anatomy

University of Texas Health Science Center

San Antonio, Texas 78284

Doriano Cavallini

Institute of Biological Chemistry
University of Rome

00185 Rome, Italy

James S. Clegg

Bodega Marine Laboratory
University of California
Bodega Bay, California 94923

George H. Czerlinski

Leibnitz Foundation Institute
P.O. Box 28521

Bellingham, Washington 98228

W. Drost-Hansen
Laboratorium Drost
Williamsburg, Virginia 23188-9415

Ludwig Edelmann

Anatomie und Zellbiologie
Universitdt des Saarlandes

D-66421 Homburg (Saar), Germany

Carlton F. Hazlewood

Research Consultants International
P.O. Box 130282

The Woodlands, Texas 77393

Ferdinand Heinmets
Technology Incorporated

P.O. Box 790644

San Antonio, Texas 78279-0644

S.R. Kasturi
Tata Institute of Fundamental Research
Mumbai 400 005, India

Miklés Kellermayer

Department of Clinical Chemistry
University Medical School

Pécs, 7624 Hungary

Janos Ladik

Institute of Physics and Theoretical Chemistry
University of Erlangen-Nurnberg

D-8520 Erlangen

Germany

George M. Mrevlishvili
Department of Physics
Tbilisi State University
380028 Thilisi
Republic of Georgia



Toshihiko Ubuka Denys Wheatley

Department of Clinical Nutrition Department of Pathology
Kawasaki University of Medical Welfare University of Aberdeen
Kurashiki, Okayama, 701-0193, Japan Aberdeen AB9 2ZD, Scotland

Copyright © 2004 by Pacific Press, Inc., New York. All rights reserved. Scientific jour-
nals and listing services have permission to republish or reproduce, with credit, the ti-
tles, summaries and abstracts of original material contained herein. Printed in the U.S.A.



EDITORIAL AND BUSINESS OFFICE

Physiological Chemistry and Physics
and Medical NMR
P.O. Box 1452
Melville, New York 11747

Editor In Chief, Dr. Gilbert N. Ling
Managing Editor, Margaret M. Ochsenfeld

SCOPE: PCP provides a forum for the review and publication of reports of original re-
search in a broad range of subjects in biophysics, biochemistry and cellular physiology.
Reports of direct applications of basic knowledge to human studies are invited; examples
would include the measurements of relaxation times as part of NMR imaging. Single ex-
periments, conclusions based on inadequate statistics, purely speculative papers, and clini-
cal case reports are not accepted.

POLICY: The pages of PCP are accessible to competing viewpoints, interpretations,
theories and opinions. Debate is invited via Editorial Comments and Letters to the Editor.
Criteria for evaluating submissions include soundness of the study and clarity of presen-
tation, and papers are not rejected on the basis of interpretation or theory, however con-
troversial. PCP believes that scientific issues should be settled by investigation and open
debate, not by an appeal to anonymous authority.

PCP attempts to achieve a balance between freedom of expression and constructive peer
review. All papers are refereed by reviewers who may remain anonymous, but the Chief
Editors make all final decisions, and will handle appeals from authors who feel their papers
are unfairly reviewed.

The Editors endeavor to make decisions regarding acceptance or rejection of manu-
scripts quickly, and have set self-imposed deadlines for doing so. Referees also are given
deadlines.

TYPES OF PAPERS: Regular papers may be experimental or theoretical. Short notes,
Priority notes and Letters in response to published papers are invited. Reviews are desired,
but authors are urged to contact an Editor before sending a finished review manuscript.
Symposia may be published as regular or supplemental issues.

SUBSCRIPTIONS: Price is US$80.00 per volume in the United States and US$87.00
outside the United States. Physiological Chemistry and Physics and Medical NMR is pub-
lished biannually, 2 issues per year, the volume numbered yearly. New subscriptions will
start with the first issue of the volume in progress, unless the subscriber directs otherwise.
Most back issues are available

Contributions appearing herein do not necessarily reflect views of the publisher, staff or
Editorial College.



Instructions to Authors

SUBMISSIONS:  An original and two copies of all material are requested. The original must be
typewritten on one side only. Papers should be sent to Dr. Gilbert N. Ling, Editor, P.O. Box 1452,
Melville, New York 11747 U.S.A. Manuscripts should be submitted only to this journal and not
have been published in part or whole in another publication, except as short preliminary notes, ab-
stracts, or as unpublished work in reviews or symposia. Be sure to keep a copy of your manuscript.
NOTE: Referees will be instructed to destroy their copies of the manuscript after reviewing them.
We will return only the original manuscript to you for revision or if rejected.

MANUSCRIPTS: All material should be typed double-spaced with margins at least one inch wide
and pages numbered consecutively beginning with the title page. In addition to a paper copy, send
an IBM- or Macintosh-compatible file on a floppy disk or CD, in Word or Wordperfect. Title Page
should include title (of at most 100 characters and spaces), full names of authors as you wish them
to be published, names and cities of institutional affiliation(s) of authors and of institution(s) where
the studies were performed, and name, full address, telephone number, fax number and e-mail ad-
dress of the person to whom correspondence, proofs, and reprint requests are to be sent. Four to six
key words should be listed on the title page. These words will assist indexers. Also, at bottom of title
page include a short running title of 40 characters or less.

Abstract should be concise and no longer than 225 words. Body may or may not be divided into In-
troduction, Materials and Methods, Results and Discussion, depending on the length and nature of
the paper. Introductory remarks should indicate clearly the significance of the work presented.
References may be indicated in the text and listed in the reference list in whatever style the author
prefers, but we prefer that titles of articles be omitted.

TABLES: Tables should be typewritten on separate sheets and identified by roman numerals
(eg. Table III) and titles. Table notes should be keyed by superscript italic lower-case letters
(eg. “Control). The approximate locations of tables and figures should be indicated in the margins
of the manuscript.

ILLUSTRATIONS: Original artwork or glossy photostatic prints, together with two photocopies
(like Xerox copies) should be provided. Each illustration should be numbered on the back in pencil,
along with the authors’ names. It is preferred that line drawings be made on paper that is not larger
than 8'/2 by 13 inches, and that the drawing be its intended size in the printed paper. Most figures
will occupy /2 to full column, that is 5 inches wide. Lines and lettering should be thick enough to
allow reduction. A drawing of overall dimension of 8 by 10 inches that will be reduced to /4 of its
original size should be lettered with 18-point (capitals 6 mm high, lower-case 4 mm high) or larger
lettering. Glossy photostatic prints are acceptable, and should be attached firmly to a sheet of paper
the same size as the manuscript. Postacceptance: If possible send figures as an image file using TIFF
or JPEG formatting scanned at a resolution of 600 dpi.

PHOTOGRAPHS: High-quality black and white glossy prints should be provided in triplicate,
and may be provided as one print plus two photocopies if the photocopies are sufficiently clear to
portray the original to referees. Photographs should be attached firmly to a sheet of paper the same
size as the manuscript. Photographs that have been scanned and stored as a TIFF file with a reso-
lution of 300 dpi may also be submitted.

REFEREES: Two anonymous referees will be sought for each paper. Authors are encouraged to
suggest names and addresses of suitable referees. Referees will be given deadlines for mailing
manuscripts back or phoning reviews in, and will be invited to provide editorial statements or
Letters that deal with issues raised by submitted papers.

REPRINTS: An order form is enclosed with proofs sent to authors.

PAGE CHARGES: Page charge is $20.00 per published page. It may be waived in the case of se-
vere international exchange difficulties. An additional charge of $15.00 will be levied for photo-
graphs that require screening (eg., E.M’s, chromatograms, scans).



Physiol. Chem. Phys. & Med. NMR (2004) 36: 85-94

Molecular Properties and Antibacterial
Activity of the Methyl and Ethyl Ester
Derivatives of Ampicillin

Ronald Bartzatt!, Suat L. G. Cirillo?, Jeffrey D. Cirillo?

"University of Nebraska, College of Arts and Sciences, Medicinal Chemistry Laboratory,
Omaha, Nebraska 68182 U.S.A., E-mail: bartzatt@mail.unomaha.edu
*University of Nebraska-Lincoln, Dept. of Veterinary & Biomedical Sciences, Lincoln, Nebraska 68563 U.S.A.

Abstract:  Ampicillin is a B-lactam antibiotic that is effective against gram-negative bacteria.
Ampicillin has a single carboxyl group (-C(O)OH) within its structure which is suitable for form-
ing ester compounds. Diazomethane and diazoethane were utilized to react with ampicillin to form
the methyl and ethyl esters, respectively. The ester derivatives of ampicillin were solubilized to-
gether (mole ratio 1:1) in LB media and penicillin resistant Escherichia coli added to measure an-
tibacterial activity. Growth inhibition of bacteria was monitored by optical density after a known
time period and with known specific concentrations of the ampicillin esters present. Significant
growth inhibition of penicillin resistant bacteria occurred at concentrations of the combined methyl
and ethyl ampicillin esters from less than 50 pgram/mL to more than 150 pgram/mL. Molecular
properties of the ester compounds were determined. The two ester derivatives showed values of
Log BB, Log P, polar surface area, intestinal absorption, and solubility suitable for clinical appli-
cation. The two ester compounds showed zero violations of the Rule of 5 indicating good bioavail-
ability. The two ester derivatives showed greater intestinal absorbance and greater penetration of the
blood brain barrier than the parent ampicillin. Favorable druglikeness was determined for both ester
derivatives.

THE B-LACTAM antibiotics include the penicillins, cephalosporins, and cephamycins (1).
Ampicillin is one of the most widely utilized members of the penicillin group. The trans-
peptidase enzyme reacts with the -lactam ring within the ampicillin structure rather than
the bacterial target D-alanyl-D-alanine (the O=C-N group of the lactam ring analogous to
a peptide bond), resulting in fatal flaws in the bacterial membrane (2). Ampicillin also has
a carboxyl group, primary amine group, and an aromatic ring. Ampicillin is zwitterionic,
a trait eliminated by substituting the carboxyl group (-C(O)OH) with an ester group (3).
The extent of drug metabolism is dependent on its water solubility and site availability
(4). Phase I metabolism includes hydrolysis of ester groups to an acid and alcohol (other



86 BARTZATT et al.

Phase I reactions include N-dealkylation and N- oxidations) (5). It has been shown in pre-
vious studies that the methyl ester group is not hydrolyzed (6).

Previous studies have shown that tissue binding and intracellular distribution of ampi-
cillin is limited, however the bioavailability of its ester prodrugs is significantly greater
than the parent compound (7). Various other esters have been designed to dramatically in-
crease intracellular accumulation (8), oral availability (9), and simultaneous rise of peaks
in serum levels (10). Other ester derivatives of ampicillin have been shown to produce
higher blood levels of this antibiotic (11).

Escherichia coli (E. coli) is a gram-negative bacilli within the Enterobacteriaceae
family. E. coli is the leading cause of urinary tract infections and is best known for its
ability to cause intestinal disorders. E. coli proliferates in hospitals due to it’s resistance
to multiple antibiotics. Other bacterial types appearing in hospitals and resistant to the
B-lactam antibiotics include Staphylococcus aureus strains (12). The number of pathologi-
cal E. coli strains that are resistant to ampicillin was found to be as high as 76% in The
Netherlands (13).

Presented here is an analysis of biological and chemical molecular properties of ampi-
cillin and two derivatives, which comprise a structure property correlation study (14). The
results of analysis of molecular properties and in vitro testing with E. coli bacteria sup-
ports the clinical efficacy of the methyl and ethyl ester derivatives of ampicillin.

Materials and Methods

Software

Molecular modeling and molecular properties determined by ChemSketch (ACD, Toronto
Ontario, MSH3V9 Canada). Log P and other properties were calculated utilizing Interac-
tive Analysis (IA, Bedford, MA 01730) and Molinspiration (MI Chemoinformatics, SK-
841 04 Bratislava, Slovak Republic). CLogP calculated by Daylight (Mission Viejo, CA
92691) and Interactive Analysis. Log Kow, Kp, rate of hydrolysis determined by EpiSuite
(U.S. Environmental Protection Agency, Washington D.C.). I. Moriguchi Log P, Ghose-
Crippen molar refractivity, and polar surface area determined by Dragon (Milano Chemo-
metrics and QSAR Research Group, Dept. of Environmental Sciences, University of
Milano-Bicocca, Milano Italy). Druglikeness and other properties were determined by the
methods of Actelion (Actelion, 4123 Allschwil Switzerland) and MolSoft (MolSoft LLC,
La Jolla, CA).

Supplies and Instruments

All reagents were obtained from Aldrich Chemical Co., St. Louis MO 63178. Bacterial
supplies acquired from DIFCO. Infrared spectra acquired by Galaxy Series FTIR 3000 in
dimethylsulfoxide dried over molecular sieves.

Synthesis of Ester Compounds

Approximately 6 milligrams of ampicillin was placed in organic solvent (ethyl acetate, di-
ethyl ether, 1:1 v/v) and diazomethane or diazoethane gas allowed to dissolve into the
mixture (reaction runs 1 hour and repeated up to 3X). The appropriate diazoalkane is pre-
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pared by placing either 0.15 g of 1-methyl-3-nitro-1-nitrosoguanidine (diazomethane) or
0.15 g of I-ethyl-3-nitro-1-nitrosogranidine (diazoethane) with 0.35 mL of 5 molar
NaOH. After reaction (1 hour) the solvent can be removed under mild vacuum or under
nitrogen gas flow. Products are ampicillin ester and N,. Purity of 100% is confirmed by
spotting silica T.L.C. plate and resolving with CH,Cl,.

Evaulation of Bacterial Growth Inhibition by Tissue Culture

The methyl ester and ethyl ester of ampicillin were combined in a mole ratio of 1:1. To
4.9 milligrams of methyl ester ampicillin (1.35E-05 moles) was added 5.1 milligrams of
ethyl ester ampicillin (1.35E-05 moles). The mixture was solubilized in liquid Luria-
Bertani (LB) media and dispensed in known concentrations from 1.563 pgram/mL to 400
pgram/mL, followed by inoculation with penicilllin resistant Escherichia coli. Optical
densities of cultures were measured at 600 nm after five hours at 37° C to evaluate an-
tibacterial activity.

Results and Discussion

Ampicillin is among the most widely prescribed of the penicillin antibiotics. Ampicillin
is considered closely related to amoxicillin, both of which can penetrate and inhibit the
growth of gram-negative bacteria. Ampicillin also inhibits gram-positive bacteria, aerobic
and anaerobic, and is utilized primarily to treat infections of the sinuses, middle ear, kid-
ney, bladder, meningitis, and gonorrhea. Ampicillin is excreted unchanged in the urine,
partially explaining its efficacy in the treatment of bladder infections. The ester forms of
ampicillin presented in this work provide additional evidence for beneficial applications
of ampicillin derivatives. Ester groups formed to replace the carboxyl group on the parent
structure significantly alter the molecular properties. Derivatives of antibiotics that have
altered structural properties may be beneficially applied against the growing numbers of
resistant bacteria (15-20).

Molecular structures of the ampicillin methyl and ethyl ester derivatives are compared
to the parent structure, shown in Figure 1, with ester groups (-C(O)OR) indicated. Other
functional groups present in the structures include the 3-lactam ring, primary amine, aro-
matic ring, and secondary amide group. Previous studies have shown that esters of ampi-
cillin have enhanced bioavailability, which can be clinically important (7). A beneficial
result of addition of ester groups are higher absorption rates (7). In addition, it has been
shown that the methyl ester of ampicillin is not metabolized (6), which will extend the
half-life of the drug in the bloodstream while expressing antibacterial activity. The two
ampicillin esters shown here formed a yellowish solid that was stable for more than six
months at —10° C and sufficiently soluble in aqueous media for tissue culture studies. In-
frared spectroscopy was utilized to identify formation of ester groups in place of the ini-
tial carboxyl group. The infrared spectra confirmed the presence of the ester groups in
place of the carboxyl group. Infrared peaks appeared at 1200 cm™" and 1730 cm™" and are
diagnostic of the presence of an ester group.

The synthesis of methyl and ethyl ampicillin esters utilized diazoalkanes which have
many advantages over acid or base catalyzed ester formation. Utilizing diazoalkanes for
synthesis applications has been well characterized and they are known to alkylate car-
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FIGURE 1. Molecular structures of ampicillin, methyl, and ethyl ester derivatives are shown here
having the ester functional group designated. The methyl ester functional group is indicated by inset
circle and ethyl ester group by inset rectangle. The primary amine group and B-lactam ring remain
intact.
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boxyl groups to form ester moieties (21-24). Diazoalkanes react only with acidic hydro-
gens; see Figure 2 where an example carboxyl group structure is shown reacting with di-
azomethane CH,N, (the synthesis of the ethyl ester is similar). The diazomethane obtains
a hydrogen from the acidic carboxyl group, which has a pKa = 4. Diazoalkane reactions
are specific for acidic groups (note that the pKa of a primary amine is = 10) and rapidly
form species that quickly progress to the methyl ester derivative. The carboxyl group is
approximately 106 times more acidic than the primary amine group. Final products of the
reaction are the ester derivative and nitrogen gas. Ester formation utilizing diazoakanes is
highly favorable energetically, because of the greater stability of N,. Diazoalkanes are
highly useful for forming simple esters when only small quantities of carboxylic acids are
available. Yields of essentially 100% are obtained with repeated passage through the
diazoalkane.

Molecular properties of the ester derivatives are presented in Table I for comparison to
properties of the parent ampicillin. As the number of carbons increase within the ester
group a consistent numerical increase in these properties occurs: formula weight, molar
refractivity, molar volulme, parachor, Ghose-Crippen molar refractivity, I. Moriguchi Log
P, Clog P, miLog P, and Log BB. Notably, a decrease is seen in the index of refraction and
polarizability. The lipophilic substituent constant 7 indicates a lipophilic nature for the
new substituents of the derivatives (T=L0g Pcyer — LOg Ppgren) giving T = 0.234 and 0.4381,
for the methyl and ethyl ester, respectively (utilizing the values of I. Moriguchi method).

O
R o

O

R OH

+ N,
R OCH34

Methyl Ester Group

FIGURE 2. The synthesis of the ester derivatives of ampicillin is represented here in two major
steps. First step, the diazoalkane (diazomethane shown here) encounters the acidic hydrogen from
the carboxyl group (-COOH) of ampicillin and is protonated, producing a charged species. Second
step, methylation occurs with the result being the ester derivative and nitrogen gas. The yield ob-
tained after several passes is essentially 100% and high purity.
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TABLE I. Molecular Properties of Antibiotics

Methyl Ester Ethyl Ester
Properties Ampicillin Ampicillin Ampicillin
'Formula Weight 349.41 363.43 377.46
'Molar Refractivity (cm?) 89.94 94.78 99.41
"Molar Volume (cm?) 239.3 264.2 280.4
"Parachor (cm?) 702.7 746.1 786.1
'Index of Refraction 1.675 1.636 1.627
'Polarizability (x10™ cm?) 35.65 37.57 39.41
“GhoseCrippen Molar Refractivity (cm?) 87.58 92.35 97.03
%Polar Surface Area (angstroms?) 79.75 88.98 88.98
’I. Moriguchi Log P 0.289 0.532 0.770
*Clog P —-0.04 0.41 0.85
*miLog P -0.215 0.337 0.74
Log BB —-1.535 -1.30 -1.25

!Calculated by ChemSketch.

“Calculated by Dragon (Milano Chemometrics).

3Calculated by Actelion.

“Calculated by Molinspiration.

3Calculated utilizing miPSA and Actelion Clog P in the equation:
Log BB = -0.0148(miPSA) + 0.152(Clog P) + 0.139

The positive values indicate an increase of lipophilic nature and increased solubility in
lipid membranes. Log P values are also indicative of hydrophobic interactions. Parachor,
molar refractivity, and molar volume properties are descriptive of polarizability and van-
der-Waals interactions. An increase in Log BB values as carbon length of the ester group
increases indicates a favorable aspect of these derivatives. Log BB is defined as
Chrain/Chiood giving the following values for the equilibrium concentration across the
blood-brain-barrier as 0.02917, 0.05012, and 0.0562 for ampicillin, methyl ester, and
ethyl ester, respectively. The longer the aliphatic ester substituent the greater the brain
penetrating potential. Log BB values for polar molecules are calculated utilizing the fol-
lowing equation:

Log BB = —-0.0148PSA + 0.152CLog P + 0.139

Where, BB = Cy4in/Cpi00d and PSA = polar surface area. Previous studies have shown that
polar surface area as well as Log P can be utilized to determine absorption of drugs
(25-27) and penetration of the brain (28, 29).

Molecular properties of ampicillin and two derivatives are presented in Table II. Polar
surface area (miPSA) has been effectively applied as a predictor of intestinal absorption
(25, 26). The percent of drug absorbed in the intestinal tract is determined to be 27%,
45%, and 45% for ampicillin, methyl ester, and ethyl ester, respectively. Ampicillin par-
ent drug is absorbed at a lower 27%, while the ester derivatives have a higher and mod-
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TABLE II. Molecular Properties of Antibiotics

Methyl Ester Ethyl Ester
Properties Ampicillin Ampicillin Ampicillin
'miPSA (angstromsz) 112.73 101.74 101.74
Intestinal Absorbance 27% 45% 45%
'Number of Atoms 24 25 26
"Number of O and N 7 7 7
'Number of ~OH and —-NH 4 3 3
'Violations of Rule of 5 0 0 0
"Number of Rotatable Bonds 4 5 6

!Calculated by Molinspiration method (PSA = polar surface area).

erate absorption of 45% each. This characteristic places more of the antibacterial com-
pound into the blood stream (bioavailability). All three agents show zero violations of
Rule of 5 (30), which indicates the drugs will have good bioavailability.

Druglikeness is a measure of similarity of a proposed drug compound to the general
population of drugs in use. Druglikeness evaluation by Actelion (see Materials and Meth-
ods) calculates a permissible numerical range (incorporates most drugs in use) of ap-
proximately —7.0 to +8.5. Druglikeness score for ampicillin, methyl, and ethyl ester of
ampicillin are 10.72, 8.14, and 7.16, respectively. Similar evaluation by the method of
MolSoft shows an acceptable druglikeness scale of approximately —2.2 to 2.5. Values cal-
culated by MolSoft are 1.22, 1.26, and 1.00 for ampicillin, methyl, and ethyl esters of
ampicillin, respectively. By these two evaluations, the methyl and ethyl esters of ampi-
cillin have favorable druglikeness scores which support their potential for application as
antibacterial agents.

The methyl and ethyl esters of ampicillin were synthesized here similarly as in previ-
ous studies and tested in tissue culture against Escherichia coli (31), the results showed
their capability of inhibiting the growth of penicillin and streptomycin resistant E. coli
(31). High similarity of these two ester derivatives to other penicillin antibiotics utilized
clinically has been shown using rigorous multivariate techniques (32). Not accomplished
previously is the combination of both methyl and ethyl ampicillin esters simultaneously
to affect growth of penicillin resistant E. coli. A mixture of methyl and ethyl esters at a
mole ratio of 1:1 was assembled and placed in tissue culture utilizing LB media and peni-
cillin resistant E. coli. The observed growth inhibition bacterial growth is shown graphi-
cally in Figure 3. Clearly the mixture of ampicillin ester derivatives inhibit growth of
bacteria even at low concentrations which are expressed for each compound at the x-axis
as micrograms/milliliter. While the effects of the parent ampicillin maximizes quickly and
levels out throughout its concentration range, the two ester derivatives quickly move to
greater than 50% growth inhibition and the inhibition of bacterial growth continuous to
increase as concentration increases. The ester derivatives strongly inhibit the growth of
penicillin resistant E. coli when applied simultaneously and in a mole ratio of 1:1.

Additional properties were determined and shown in Table III. The methyl and ethyl es-
ters of ampicillin are solids which have melting points, 211 + 3.0°C and 217 + 3.0°C
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FIGURE 3. Percent growth inhibition of penicillin resistant Escherichia coli by combined methyl,
ethyl esters of ampicillin compared to parent ampicillin. The mixture containing both ester deriva-
tives of ampicillin greatly inhibits the growth of this penicillin resistant Escherichia coli even at
concentrations lower than 50 pg/mL for each of the esters. Compared to the parent ampicillin it is
clearly seen that the ester derivatives are highly effective in suppressing the bacterial growth. Over
60% growth suppression is observed at concentrations below 24 pg/mL for each ester compound.
The concentration values of each antibiotic at the data points shown in this graph is given on the x-
axis. Concentration values beginning at zero are as follows in chronological order least to greatest
(methyl ester/ethyl ester/ ampicillin) in pg/mL: 1) 0/0/0; 2) 0.766/0.797/1.563; 3) 1.53/1.59/3.125;
4) 3.06/3.19/6.25; 5) 6.125/6.375/12.5; 6) 12.25/12.75/25; 7) 24.5/25.5/50; 8) 48/51/100; 9)
98/102/200; 10) 196/204/400.

TABLE III. Molecular Properties of Antibiotics as Determined by Episuite

Methyl Ester Ethyl Ester
Properties Ampicillin Ampicillin Ampicillin
Melting Point (°C) 215 211 £3.0 217 +3.0
Log Kow 1.45 0.69 1.18
Ester Hydrolysis kp (L/(moleesec) — 3.44E-05 3.25E-05

Dermal Absorbance Kp (cm/hr) 0.000128 0.0000357 0.0000654
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respectively, compared to that of ampicillin (215°C). Values of Log Kow indicate disper-
sion between aqueous and organic solvent layers and assume only neutral species are pre-
sent. Rate constant values for nonenzymatic acid/base hydrolysis of the methyl and ethyl
ester groups are presented in Table III and reflect slow reaction. Dermal permeability co-
efficients (Kp in cm/hr) reflect the greater lipophilic trait of the ester derivatives relative
to the parent ampicillin. The decreased values of Kp of the ester derivatives indicate ex-
pected entrapment of these drugs within lipid membranes of the skin. Whereas the more
hydrophilic ampicillin will penetrate into aqueous layers.

In summation, a methyl ester and ethyl ester of ampicillin were synthesized by use of
diazoalkanes and found to be solids at room temperature, soluble in LB media, and when
applied as a mixture (mole ratio 1:1) greatly inhibited the growth of a penicillin resistant
Escherichia coli bacteria at concentrations of less than 25 pg/mL. Both ester derivatives
showed zero violations of the Rule of 5, indicating good bioavailability. Favorable values
of Log P indicate the ester derivatives will have improved absorption compared to the par-
ent ampicillin. Polar surface area values indicate that both ester derivatives will have mod-
erate intestinal absorption, an improvement compared to the low absorption for the parent
ampicillin. Log BB values for the ester derivatives indicate greater penetration of the
blood brain barrier than that of the parent ampicillin. Favorable druglikeness scores by
two methods support the clinical potential of these two ester derivatives. Alteration of the
molecular structures of drugs that are utilized in the clinical environment can provide im-
provements in therapeutic results and additional insight into the mechanism of bacterial
multiple drug resistance.
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Abstract:  We previously showed that Ca**-induced cyclosporin A-sensitive membrane permeabil-
ity transition (MPT) of mitochondria occurred with concomitant generation of reactive oxygen
species (ROS) and release of cytochrome c (Free Rad. Res.38, 29-35, 2004). To elucidate the role
of a-tocopherol in MPT, we investigated the effect of a-tocopherol on mitochondrial ROS genera-
tion, swelling and cytochrome c release induced by Ca*" or hydroxyl radicals. Biochemical analy-
sis revealed that o-tocopherol suppressed Ca**-induced ROS generation and oxidation of critical
thiol groups of mitochondrial adenine nucleotide translocase (ANT) but not swelling and cyto-
chrome c release. Hydroxyl radicals also induced cyclosporin A-sensitive MPT of mitochondria.
o-Tocopherol suppressed the hydroxyl radical-induced lipid peroxidation, swelling and cytochrome
c release from mitochondria. These results indicate that o-tocopherol inhibits ROS generation, ANT
oxidation, lipid peroxidation and the opening of MPT, thereby playing important roles in the pre-
vention of oxidative cell death.

APOPTOSIS plays important roles in embryonic development, maintenance of tissue
homeostasis, and pathogenesis of various diseases (1-3). Accumulated evidences indicate
that reactive oxygen species (ROS) and antioxidants play important roles in the regulation

Abbreviations: ANT, adenine nucleotide translocase; CHL, chemiluminescence; CMPT, classic
MPT: HRP, Horseradish peroxidase; L-012, 8-amino-5-chloro-7-phenylpyrido[3,4-d]pyridazine-1,
4-(2H,3H)dione; MPT, membrane permeability transition; Pi, inorganic phosphate; NCMPT, non-
classic MPT; ROS, reactive oxygen species; SOD, superoxide dismutase; TBARS, thiobarbituric
acid reactive substances.
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of survival of a wide variety of cells (4—6) and that intracellular ROS increase prior to the
onset of DNA fragmentation (7, 8).

Although various organelles including mitochondria (9), Golgi apparatus (10), endo-
plasmic reticulum (11) and lysosomes (12) underlie the mechanism of apoptosis, mito-
chondrial membrane permeability transition (MPT) plays a key role in various types of
apoptosis. Recent studies revealed that ROS were produced as by-products of oxidative
metabolism in mitochondria (13—16). Opening of mitochondrial MPT pores releases
apoptosis-related proteins including cytochrome c to cytosol and triggers the activation of
caspase cascade (9. 17). Thus, mitochondria pivotally determine the survival and death of
cells through energy transduction and release of apoptosis-related proteins, respectively.

Classic type of MPT (CMPT) associated with mitochondrial membrane depolarization
and swelling is characterized by its dependency on Ca’** and energy metabolism and high
sensitivity to cyclosporin A. In the presence of inorganic phosphate (Pi) and respiratory
substrates, Ca>* induces ROS generation and typical CMPT (9, 13-16, 18). Because o-
tocopherol is an efficient oxyradical scavenger and enriched in cell membranes, especially
in mitochondria (19), it might affect the opening of MPT pore (20). In fact, o-tocopherol
has been reported to reduce bile acid-induced liver injury by preventing oxidative stress
and subsequent stimulation of mitochondrial MPT and cytochrome c release (21). How-
ever, effect of o-tocopherol on MPT in isolated mitochondria remains unknown. The aim
of the present work is to elucidate the role of o-tocopherol in mitochondrial MPT.

Materials and Methods

Chemicals

Cyclosporin A, cytochrome c¢ and horseradish peroxidase were obtained from Sigma
Co. Ltd (St. Louis, MO). Amplex Red was obtained from Molecular Probes (Eugene,
OR). Anti-cytochrome c¢ antibody was obtained from PharMingen (San Jose, CA). 8-
Amino-5-chloro-7-phenylpyrido[3,4-d] pyridazine-1,4-(2H,3H)dioene (L-012) was ob-
tained from Wako Pure Chemical Ind. (Osaka, Japan). Anti-ANT antibody was donated
by Dr. H. Terada (Tokyo University of Science, Faculty of Pharmaceutical Science,
Japan).

Isolation of rat liver mitochondria

Control and o-tocopherol-deficient male Wister rats (4 weeks) were obtained from Fun-
abashi Farma Co. (Chiba, Japan). After fasting the animals overnight, the livers were ex-
cised and homogenized in 0.25 M sucrose containing 10 mM Tris-HCI buffer (pH 7.4)
and 1 mM EDTA at 4°C. Mitochondria were isolated from these homogenates by the
method of Hogeboom as described previously (22).

Assay for mitochondrial functions

Mitochondria (0.1 mg protein/ml) were incubated in a standard medium (10 mM Tris-HCl
pH 7.4 containing 0.15 M KCl) at 25°C. Swelling of mitochondria was monitored by a
change in the absorbance at 540 nm and recorded with a Shimadzu UV-3000. Cytochrome
c release from mitochondria was analyzed by Western blotting using anti-cytochrome ¢
antibody (23).
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Assay for mitochondrial ROS generation

Generation of H,O, was assayed at 25°C in a fluorescence spectrophotometer (Hitachi
650-10LC) using Amplex Red/Horseradish peroxidase (HRP) system (24). Mitochondria
(0.1 mg protein/ml) were suspended in the standard medium containing 150 mM KCI, 1
mU/ml HRP and 20 uM Amplex Red in the presence or absence of CaCl,. The change in
fluorescence intensity was measured at 590 nm with excitation at 550 nm.

Because mitochondria contain high activity of Mn-superoxide dismutase (SOD), gen-
eration of ROS was analyzed by using a highly sensitive chemiluminescence (CHL)
probe, L-012 (25). Mitochondria (0.1 mg protein/ml) were incubated in a standard
medium containing 150 mM KCI, 2.5 mM succinate and 1 mM phosphate buffer (pH 7.4)
in the presence of 100 uM L-012 at 25°C. After incubation for 1 min at 25°C, the reac-
tion was started by adding CaCl,. During the incubation, chemiluminescence intensity
was recorded continuously for 20 min using an Intracellular Ion Analyzer (CHL mode,
Jasco PL-03).

Western blotting

The electrophoresed proteins in an agarose gel were transferred onto an Immobilon mem-
brane (Millipore, Waltham, MA). The membrane was blocked in TBS (0.15 M NaCl, 10
mM Tris-HCI, pH 7.4) containing 5% skim milk, and then incubated with primary anti-
bodies diluted with TBS containing 0.05% Tween 20 (TBST) at 25°C for 1 h. After wash-
ing three times in TBST, the membrane was incubated at 25°C for 1 h with
peroxidase-conjugated secondary antibody (DAKO, Glostrup, Denmark) diluted in TBST.
Immunoreactive bands were visualized using an enhanced CHL system (Amersham Phar-
macia Biotech, Uppsala, Sweden) (23).

Binding of ANT to phenylarsine oxide-conjugated agarose

The reduced form of ANT was analyzed as described previously (26). Briefly, mitochon-
dria (2 mg protein) treated with 100 uM CaCl, in the presence or absence of various
reagents were centrifuged at 12,000 x g and 4°C for 5 min. Proteins in the precipitates
were solubilized in 100 pl of 50 mM HEPES buffer (pH 7.4) containing 150 mM Na,SOy,
1 mM EDTA, 3% Triton X-100, 1 mM PMSF and 1 uM leupeptin. After centrifugation
of the lysate at 15,000 x g for 5 min at 4°C, the supernatant fraction was incubated with
4-aminophenylarsine oxide agarose (ThioBond Resin, Invitrogen, Carlsband, CA) equili-
brated with 50 mM HEPES buffer (pH 7.4) containing 150 mM Na,SO,4, 1 mM EDTA,
0.25% Triton X-100, 1 mM PMSF, and 1 uM leupeptin. After incubation at 4°C for 15
min, the agarose was washed three times with 0.5 ml of the buffer by centrifugation at
15,000 x g for 1 min at 4°C. Proteins bound to the agarose were eluted with 50 pl of the
buffer containing 10 mM dithiothreitol, and analyzed by SDS-PAGE and Western blotting
using anti-ANT antiserum.

Assay for protein and thiobarbituric acid reactive substances

Protein concentrations were determined by the method of Bradford (27) using bovine
serum albumin as a standard. Thiobarbituric acid-reactive substances (TBARS) in mito-
chondria were assayed by the method of Ohkawa (28) before and after incubation with in-
ducers of MPT.
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Results

Effect of o-tocopherol on Ca**-induced generation of ROS and oxidation of ANT-SH
in mitochondria

Since Ca®* induces ROS generation and typical MPT in mitochondria in the presence of
Pi and respiratory substrates (9, 14, 18), the effect of o-tocopherol on ROS generation by
mitochondria was analyzed. In the presence of succinate and Pi, Ca?* enhanced the genera-
tion of H,O, by a mechanism that was suppressed by cyclosporin A. The generation of H,O,
was also suppressed by o-tocopherol (Figure 1A). Furthermore, in the presence of Pi and
Ca?*, mitochondria transiently increased CHL intensity of L-012 by a mechanism that was
suppressed by cyclosporin A and o-tocopherol but not by d-tocopherol (Figure 1B).
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FIGURE 1. Effect of o-tocopherol on Ca**-induced ROS generation by isolated mitochondria.
A) Effects of a-tocopherol and cyclosporin A on H,0, generation induced by Ca’*. Mitochondria
(0.1 mg protein/ml) were incubated in a standard medium (150 mM KCl, 10 mM Tris-HCL, pH 7.4)
containing 1 uM EGTA, 20 uM Amplex Red, 1 mU/ml horseradish peroxidase, 2.5 mM succinate
and 1 mM Pi in the presence or absence of 75 uM o-tocopherol or 1 uM cyclosporin A. H,O, gen-
eration was induced by adding 20 uM Ca?*. The change in the fluorescence intensity was measured
at 590 nm with excitation at 550 nm. Downward deflection shows mitochondrial swelling. Similar
results were obtained in three separate experiments. Cont, control; Mt, mitochondria; AR, Amplex
Red; HRP, horseradish peroxidase; Succ, succinate; Pi, inorganic phosphate; o-Toc, o-tocopherol;
CsA, cyclosporin A. B) Effect of tocopherols on ROS generation induced by Ca®*. Mitochondria
(0.1 mg protein/ml) were incubated in the standard medium containing 1 pM EGTA, 100 uM L-012,
2.5 mM succinate, 1 mM Pi in the presence or absence of 75 uM tocopherol or 1 uM cyclosporin
A. ROS generation was induced by adding 20 uM Ca** and L-012 CHL was monitored using an
Intracellular Ion Analyzer (Jasco CAF-110). Similar results were obtained in three separate experi-
ments. 3-Toc, &-tocopherol.
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ANT, an important component of MPT pore, has three SH groups exposed to mito-
chondrial matrix. Thus, ROS generated by mitochondria might affect the thiol status of
ANT. To test this possibility, the effect of Ca®* on the redox status of the critical cysteine
residues in ANT was analyzed by using phenylarsine oxide-agarose, an affinity matrix
that interacts selectively with vicinal dithiols in proteins (26, 29). Figure 2 shows that the
binding of ANT to the phenylarsine oxide-agarose was strongly suppressed by pretreating
mitochondria with Ca®*, suggesting the oxidation of the vicinal dithiols. The presence of
either cyclosporin A or a-tocopherol inhibited the Ca?*-induced suppression of the bind-
ing of ANT.

Kowaltowski et al. (13) reported that Ca**-induced MPT in mitochondria occurred with
concomitant formation of TBARS. However, under the identical conditions for the exper-
iment of swelling, we failed to detect the increase in TBARS in the presence of Ca* (data
not shown).

Effect of a-tocopherol on Ca**-induced mitochondrial swelling and cytochrome ¢
release

In the presence of Pi and succinate, Ca** induces cyclosporin A-sensitive MPT. The
Ca?*-induced mitochondrial swelling and cytochrome c release is shown in Figure 3.
The Ca**-induced changes of mitochondria were inhibited by cyclosporin A (16). Since

o | — +— ANT
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FIGURE 2. Effect of a-tocopherol on the Ca**-induced changes in the thiol status of ANT.
Mitochondria (2 mg/ml) were incubated for 10 min at 25°C in the standard medium containing
2.5 mM succinate, I mM Pi and 100 uM Ca®" in the presence or absence of 100 uM a-tocopherol
or 1 uM cyclosporin A. The reduced form of ANT was analyzed using phenylarsine oxide-agarose
and Western blot analysis with anti-ANT antibody. Similar results were obtained in three sepa-
rate experiments.
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FIGURE 3. Effect of a-tocopherol on Ca®*-induced mitochondrial swelling and cytochrome c re-
lease. Mitochondria (0.1 mg protein/ml) were incubated in 2 ml of the standard medium containing
1 uM EGTA, 1 mM phosphate and 2.5 mM succinate at 25°C. A) Mitochondrial swelling was in-
duced by adding 20 uM Ca®" in the presence or absence of 100 uM a-tocopherol or 1 uM
cyclosporin A. Mitochondrial swelling was monitored by the change in the absorbance at 540 nm.
Decrease in the absorbance reflects mitochondrial swelling. Similar results were obtained in three
separate experiments. B) Cytochrome c release was induced by 20 uM Ca?* in the presence or ab-
sence of 1 UM cyclosporin A or 50 ~ 100 uM ci-tocopherol and analyzed by Western blotting using
anti-cytochrome c antibody. Similar results were obtained in three separate experiments. Mt., mito-
chondria; Sup., supernatant.

o-tocopherol suppressed the Ca’*-induced ROS generation and oxidation of ANT thiol
groups, the effect of a-tocopherol on the swelling of mitochondria was examined. Unex-
pectedly, mitochondrial swelling and cytochrome c¢ release were not inhibited by
o-tocopherol.

Effect of o-tocopherol on hydroxyl radical-induced changes in mitochondrial
functions and lipid peroxidation

To obtain further insight into the role of o-tocopherol in MPT, its effect on the hydroxyl
radical-induced oxidation of ANT thiol groups was examined. In the presence of Pi and
succinate, the hydroxyl radical generated by Fe** and H,O, oxidized the critical thiol
groups of ANT by a mechanism that was suppressed by cyclosporin A. The oxidation of
ANT thiol groups was suppressed by o.-tocopherol (Figure 4). Under identical conditions,
lipid peroxidation was also induced by a mechanism that suppressed by o-tocopherol but
not by cyclosporin A as determined by the generation of TBARS (Figure 4B). In the pres-
ence of Pi and succinate, the hydroxyl radical also induced mitochondrial swelling and
cytochrome c release by a mechanism that was suppressed by cyclosporin A. Mitochon-
drial swelling and cytochrome c release were also suppressed by o-tocopherol (Figure 5).
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FIGURE 4. Effect of a-tocopherol on Fe**/H,0,-induced lipid peroxidation and oxidation of ANT
SH groups. Mitochondria were incubated at 25°C for 10 min in the standard medium containing 2.5
mM succinate in the presence or absence of 100 uM a-tocopherol or 1 uM cyclosporin A. Mito-
chondrial MPT was induced by 10 uM Fe?** and 100 uM H,0,. A) The reduced form of ANT was
analyzed as described in Figure 2. The concentration of mitochondria used was 2 mg protein/ml.
Similar results were obtained in three separate experiments. B) TBA reactive substance (TBARS)
in mitochondria was measured by the method of Ohkawa er al. (28). The concentration of mito-
chondria used was 0.1 mg protein/ml.
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FIGURE 5. Effect of a-tocopherol on Fe**/H,0,-induced mitochondrial swelling and cytochrome
¢ release. Mitochondria (0.1 mg protein/ml) were incubated in 2 ml of the standard medium con-
taining 1 mM phosphate and 2.5 mM succinate at 25°C. The swelling and cytochrome c release
were induced by 10 uM Fe?* and 100 uM H,0, in the presence or absence of 75 UM o-tocopherol
or 1 UM cyclosporin A. Mitochondrial swelling A) and cytochrome c release B) were analyzed as
described in Figure 3. Similar results were obtained in three separate experiments.



102 YORIMITSU et al.

The effect of Fe** and ADP on mitochondrial functions was examined to get further in-
sight into the role of a-tocopherol in the hydroxyl radical-induced MPT. In the presence
of succinate, Fe?*/ADP increased the CHL intensity of L-012 and TBARS levels. The in-
creased CHL and lipid peroxidation were suppressed by o-tocopherol but not by 8-toco-
pherol and cyclosporin A (Figure 6). Under identical conditions, Fe**/ADP also induced
mitochondrial swelling and cytochrome c release by a cyclosporin A-inhibitable mecha-
nism. The Fe**/ADP-induced swelling and cytochrome c release were also suppressed by
a-tocopherol in a concentration dependent manner (Figure 7).

Discussion

Mitochondrial MPT plays an important role in the mechanism of apoptosis (9). Mito-
chondrial CMPT is characterized by membrane depolarization, swelling, energy- and
Ca?*-dependency and sensitivity to cyclosporin A. In the presence of Pi and succinate,
Ca?* induced typical CMPT in isolated mitochondria with concomitant generation of ROS
(9, 13-16, 18). The present work shows that o-tocopherol suppressed the Ca**-induced
ROS generation and oxidation of critical thiol groups in ANT. a-Tocopherol also sup-
pressed the hydroxyl radical-induced and cyclosporin A-sensitive mitochondrial swelling,
oxidation of ANT thiols and cytochrome c release.
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FIGURE 6. Effect of a-tocopherol on Fe?*/ADP-induced development of L-012 CHL and lipid
peroxidation of mitochondria. Mitochondria (0.1 mg protein/ml) were incubated at 25°C in the stan-
dard medium containing 2.5 mM succinate and 100 uM L-012 in the presence or absence of 100
UM - or 8-tocopherol. Mitochondrial MPT was induced by 10 uM Fe®* and 100 uM ADP. (A) L-
012 CHL was developed by Fe**/ADP and CHL was measured as described in Figure 1B. Similar
results were obtained in three separate experiments. (B) After incubation with Fe**/ADP for 10 min,
values of TBARS in mitochondria were measured as described in Figure 4B.
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FIGURE 7. Effect of o—tocopherol on Fe**/ADP-induced mitochondrial swelling and cytochrome
¢ release. Experimental conditions were the same as described in Figure 6. Swelling and cyto-
chrome c release were induced by 10 uM Fe?* and 100 uM ADP in the presence or absence of
50 ~ 100 uM a-tocopherol. Mitochondrial swelling A) and cytochrome c release B) were analyzed
as described in Figure 4. Similar results were obtained in three separate experiments.

Several lines of evidence indicate that Ca**/Pi stimulates mitochondrial generation of
ROS through electron transport system and oxidatively impairs their membranes to re-
lease cytochrome c, a prerequisite to the activation caspase cascade (13-16, 30-33).
Using electron spin resonance technique, Grijalba et al. (30) reported that Ca®* interacted
with the anionic head of cardiolipin in the inner mitochondrial membranes, thereby alter-
ing their organization. Such alterations in membrane organization of mitochondria may
affect functions of their respiratory chain and favor the generation of superoxide (14). In
fact, the present work shows that Ca®* increased CHL intensity of L-012, H,0, genera-
tion, and oxidation of ANT thiol groups by a o-tocopherol-inhibitable mechanism.

Kinetic analysis revealed that L-012 developed CHL predominantly by reacting with
hydroxyl radical and hypochlorite more strongly than did luminol (25). Preliminary ex-
periments in this laboratory showed that a-tocopherol suppressed the xanthine oxidase-
enhanced CHL in a concentration dependent manner. Analysis by ESR spectroscopy
revealed that o-tocopherol reacted with superoxide radicals (34, 35). These results sug-
gested that the suppression of Ca**-induced mitochondrial ROS generation by o-tocopherol
might reflect its scavenging activity towards oxygen radicals.

Cardiolipin contains polyunsaturated fatty acids and binds to cytochrome c at the outer
surface of mitochondrial inner membranes (31, 32). Peroxidation of their unsaturated fatty
acids allows cytochrome c to dissociate from cardiolipin localized bound to mitochon-
drial membranes (33). These observations suggested that Ca?*, ROS and mitochondrial
swelling might cooperate in releasing cytochrome ¢ from membrane-associated cardi-
olipin. Present work shows that Ca**-induced TBARS had undetectable values under iden-
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tical conditions of mitochondrial swelling. This might be due to the low concentration of
mitochondria, used 0.1 mg protein /ml. Present work also shows that o-tocopherol failed
to suppress the Ca’*-induced swelling and cytochrome c release despite its inhibitory ef-
fect on ROS generation. These results suggest that inhibition of ROS generation and ox-
idation of ANT thiols per se are not sufficient for the induction of cyclospolin A-sensitive
MPT. It has been known that Ca** accumulated in mitochondria alter the membranous or-
ganization of phospholipids and nonspecifically increases the permeability of the inner
membranes (12). The mechanism by which Ca?*-induced swelling and cytochrome c re-
lease were unaffected by o-tocopherol remains unknown. In this context, similar effect of
ubiquinone on Ca’*-induced MPT was reported. Minor modifications of the isoprenoid
side chain of ubiquinone converted its activity as an inhibitor to that of an activator of mi-
tochondrial MPT (36). This observation suggests that the isoprenoid chain of «-toco-
pherol is responsible for the inhibition of MPT pore opening. Analysis of Ca’*-induced
swelling using a-tocopherol-deficient rat mitochondria is under our current investigations.

Sakurai et al. (37) reported that the Fenton reaction induced mitochondrial swelling by
a cyclosporin A-sensitive mechanism. Present work shows that, in the presence of succinate,
hydroxyl radical generated by Fe?*/H,0, or Fe**/ADP increased the amount of TBARS with
concomitant occurrence of mitochondrial swelling by a cyclosporin A-sensitive mechanism
(data not shown). Taken together, lipid peroxidation-coupled mechanism seems to underlie
the mechanism for the cyclosporin A- and o—tocopherol-sensitive MPT.

Lipid peroxidation has been shown to generate 4-hydroxynonenal (4-HNE) (38) that
triggers the signaling pathway leading to apoptosis (39). Among various mitochondrial
proteins, ANT has been shown to react rapidly with 4-HNE (40) that increases the per-
meability of mitochondrial membranes and ANT containing liposomes by a cyclosporin
A-inhibitable mechanism (41, 42). These observations suggest that the occurrence of lipid
peroxidation and 4-HNE that interacts with mitochondrial proteins including ANT play
important roles in the induction of MPT (39). Thus, hydroxyl radical-induced MPT might
occur through oxidative modulation of mitochondrial membranes and ANT SH groups.
a-Tocopherol seems to inhibit lipid peroxidation and/or oxidation of ANT, thereby sup-
pressing the sequence of events leading to MPT pore opening and oxidative cell death.

It has been reported that cyclosporin A-insensitive and Ca**-independent NCMPT (non-
classical membrane permeability transition) occur in some apoptotic cells (33, 43—47). In
this context, Ca?*-induced mitochondrial MPT has been shown to occur independently
from the accumulation of lipid peroxidation products (30). Thus, NCMPT can be induced
either with or without induction of lipid peroxidation coupled with cyclosporin A-sensi-
tive or insensitive mechanisms.

Although o-tocopherol suppressed the ROS generation coupled with CMPT, it sup-
pressed the cyclosporin A-sensitive MPT induced by hydroxyl radicals but not by Ca*".
Thus, o-tocopherol seems to play an important role in the mechanism of apoptosis
through the regulation of peroxidation-coupled mitochondrial MPT.

This work was supported in part by grants from the Ministry of Education, Science and Culture of
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Abstract:  The objective of this study was to show that prolonged restriction of motor activity (hypo-
kinesia) could reduce phosphate (P) deposition and contribute to P loss with tissue P depletion. To this
end, measurements were made of tissue P content, P absorption, plasma P levels, urinary and fecal P
excretion of rats during and after hypokinesia (HK) and daily phosphate supplementation.

Studies were conducted on male Wistar rats during a pre-hypokinetic period, a hypokinetic pe-
riod and a post-hypokinetic period. All rats were equally divided into four groups: unsupplemented
vivarium control rats (UVCR), unsupplemented hypokinetic rats (UHKR), supplemented vivarium
control rats (SVCR) and supplemented hypokinetic rats (SHKR).

Bone and muscle P content, plasma intact parathyroid hormone (iPTH) levels, P absorption,
plasma P levels and urinary and fecal P excretion did not change in SVCR and UVCR compared
with their pre-HK values. During HK, plasma P levels, urinary and fecal P excretion increased sig-
nificantly (p<0.05) while muscle and bone P content, P absorption and plasma iPTH levels de-
creased significantly (p<0.05) in SHKR and UHKR compared with their pre-HK values and the
values in their respective vivarium controls (SVCR and UVCR). During the initial 9-days of post-
HK, plasma, urinary and fecal P levels decreased significantly (p<0.05), and plasma iPTH levels,
muscle and bone P levels remained significantly (p<0.05) depressed in hypokinetic rats compared
with their pre-HK values and the values in their respective vivarium control rats. By the 15th day,
these values approached the control values. During HK and post-HK, changes in P absorption,
plasma iPTH levels, and P levels in muscle, bone, plasma, urine and feces were significantly
(p<0.05) greater in SHKR than in UHKR.

Decreased tissue P content with increased P loss in animals receiving and not receiving P sup-
plementation demonstrates decreased P deposition during HK. Higher P excretion with lower tissue
content in SHKR and UHKR demonstrates that P deposition is decreased more with P supplemen-
tation than without. Because SHKR with a lower tissue P content showed higher P excretion than
UHKR it was concluded that the risk of decreased P deposition with greater tissue P depletion is
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inversely related to P intake, that is, the higher the P intake the greater the risk for decreased P
deposition and the greater tissue P depletion. It was shown that P (regardless of the intensity of its
tissue depletion) is lost during HK unless factors contributing to the decreased P deposition are par-
tially or totally reversed. It was concluded that dissociation between (decreased) tissue P content
and (increased) P uptake indicates decreased P (absorption and) deposition as the main mechanisms
of tissue P depletion during prolonged HK.

MUSCULAR ACTIVITY is regarded as an important factor in normal regulation of min-
eral deposition in animals and humans. The mechanism by which muscular activity affects
electrolyte deposition is not known, but the absence of activity, such as during hypokinesia
(HK), results in a mineral loss from the body with tissue electrolyte depletion (1-5). While
a limited number of studies have been conducted to establish the effects of prolonged HK
on electrolyte deposition in animals or humans, the mechanisms of excessive electrolyte
losses with tissue electrolyte depletion during prolonged HK remain unclear (1-5).

It is known that the coefficient of distribution of electrolytes in muscle and plasma, and
between muscle and plasma is an integral characteristic of the functional status of skeletal
muscles. Being involved in the finely regulated processes of active membrane transport
and intracellular phases, electrolytes are distributed in muscles according to the functional
condition of the system of the membranomyo-fibril conjugation (6), the levels of meta-
bolic activity of cells (7), and the chemical state of the cytoplasmic template that carries
fixed charges (8). Consequently, any condition that could affect the level of muscular ac-
tivity, would inevitably contribute to the electrolyte redistribution in tissue resulting in an
increase of plasma electrolyte levels (3—06); this in turn could potentially contribute to an
increase of electrolyte loss from the body and consequently to the decrease of total elec-
trolyte content of the body (4, 5, 9—11).

During HK, increase of mineral loss occurs in animals while at the same time there is
a decrease of tissue mineral content (4, 5, 9—11). Increase of mineral loss with tissue min-
eral depletion shows decreased electrolyte deposition (4, 5, 9—11). Because of the pres-
ence of decreased electrolyte deposition excessive electrolyte losses with tissue mineral
depletion may be seen in hypokinetic rats (4, 5, 9—11). The decreased electrolyte deposi-
tion may be attributed to several factors and primarily to the decreased cell mass (4, 5).
During post-HK, electrolyte excretion may fall dramatically, similar to the tissue elec-
trolyte depletion during HK (1-5). Electrolyte tissue depletion during HK is most likely
the result of increased electrolyte loss, secondary to decreased mineral deposition. More-
over, tissue mineral depletion has not been seen to inhibit mineral loss, while mineral sup-
plementation failed to restore a tissue mineral depletion during HK (12-14) indicating
intensity of decreased mineral deposition. Previous studies have shown strong relation be-
tween decreased mineral deposition and increased electrolyte losses (4, 5, 9—11).

Although the effect of HK on mineral deposition has yet to be firmly established, the
hypokinetic mineral changes in tissue, plasma, urine and feces have been clearly estab-
lished (1-5, 9—-11). Excessive mineral loss with tissue mineral depletion is a typical reac-
tion of reduced mineral deposition (4, 5, 9—11). However, the impact of HK on phosphate
(P) deposition and thus on P losses has not yet been thoroughly studied. Moreover, little
is known about the effect of HK on P deposition and it is still not known by what mech-
anisms HK could lead to the increased P losses with tissue P depletion (15-17). It is im-
portant, therefore, to determine what mechanisms are involved in decreased P deposition
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with tissue P depletion that could contribute to the significant P losses from the body and
consequently to tissue P depletion. For this reason, the determination of P absorption and
tissue P levels during prolonged HK and P supplementation is very important.

The aim of this study was to show that HK could contribute to decreased P deposition,
and thus P loss with tissue P depletion. Measurements of P absorption, tissue P levels, and
P levels in plasma, urine and feces during HK and post-HK with or without P supple-
mentation were made.

Materials and Methods

Four hundred eight 13-week-old Wistar male rats were obtained from a Local Research

Laboratory. On arrival they were given an adaptational dietary period of 10-days during

which they were fed a commercial laboratory diet. At the start of the study, all rats were

about 90-days old and weighted 370 to 390 g. All rats were housed in individual
metabolic cages where light (07:00 to 19:00 h), temperature (25+1°C) and relative hu-
midity (65%) was automatically controlled. Cages were cleaned daily in the morning be-
fore feeding. Studies were approved by the Institute’s Ethical Committee for the

Protection of Animals.

Hypokinetic studies were preceded by a pre-HK period of 10-days that involved a se-
ries of biochemical examinations, training, testing and conditioning of animals to their
laboratory conditions. The preparation period was used for collecting baseline (pre-HK)
values for the variables being examined during the study. This adaptation period also
aimed at minimizing hypokinetic stress due to diminished muscular activity (18, 19).

Assignment of the animals into four groups was performed randomly and their condi-
tions were:

Group one: one hundred-two unrestrained rats were housed in individual cages for
98-days under vivarium control conditions. They served as unsupplemented
vivarium control rats (UVCR).

Group two: one hundred-two restrained rats were kept in small individual cages for
98-days. They served as unsupplemented hypokinetic rats (UHKR).

Group three: one hundred-two unrestrained rats were housed in individual cages for
98-days under vivarium control conditions. They were supplemented with
P and served as supplemented vivarium control rats (SVCR).

Group four: one hundred-two restrained rats were kept in small individual cages for
98-days. They were supplemented with P and served as supplemented
hypokinetic rats (SHKR).

Simulation of hypokinesia

Hypokinesia was effected, by keeping hypokinetic rats in small individual wooden cages.
The cages dimensions of 195 x 80 x 95 cm allowed movements to be restricted in all di-
rections without hindering food and water consumption. However, hypokinetic rats could
still assume a natural position that allowed them to groom different parts of their body.
The cages were constructed in such a way that, using special wood inserts, their size could
be changed in accordance with size of each rat so that the degree of restriction of motor
activity could be maintained at a relatively constant level throughout HK.
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Food and fluid consumption

The daily food consumption was measured and 90% of a daily amount (12 g) was mixed
with deionized distilled water (1:2 wt/vol) to form a slurry which was divided into two
meals. Rats were pair-fed and daily food consumption measured during pre-HK, HK and
post-HK periods. Control rats were allowed to eat approximately the same amount of food
as hypokinetic rats. The dietary amount of food was placed in individual feeders formed
by the little trough and wood partitions. Food for the entire study was from the same
production lot and contained all essential nutrients: vitamins, A, D, E, 4% fat, 19% pro-
tein, 38% carbohydrates, 16% cellulose, 0.6% sodium chloride, 0.76% calcium, 0.66%
phosphorus, 0.5% magnesium and 0.9% potassium per one g food and kept in a cold
chamber (4°C). Food consumption was measured daily by weighing the slurry food con-
tainers. Rats received daily deionized-distilled water ad libitum. Water dispensers (120 to
150 mL) were secured onto a wooden plate installed on the front cage panels and filled
daily. All animals were weighed daily between 9 and 10 a.m.

Phosphate supplementation and phosphate absorption measurements

During pre-HK, HK and post-HK periods, supplemented rats took 85 mg dicalcium phos-
phate per day. This P amount was designed to facilitate the maximal absorption of P sup-
plementation by remaining just below the renal tubular maximum for P absorption (4, 5). To
minimize diurnal variations, blood samples for each rat were drawn at identical times of the
day and after the P was consumed. The P amount in the diet was calculated directly by keep-
ing an exact duplicate of the consumed food of each rat and the total P loss in 24 h urinary
and fecal samples were measured. Measuring P absorption [(intake-losses)/intake], with and
without P supplementation, required the consumption of a calculated phosphate amount, fol-
lowed by 24 h urinary and fecal collection, with calculation of the percentage of P retained
in the body. That is, absorption of P is equal to [(phosphate intake-phosphate excretion in
urine and feces)/intake] and expressed as percent. The phosphate amounts in the 24 h uri-
nary and fecal collections during the pre-HK period were considered to be each rat’s pre-
HK values of urinary and fecal excretion. These phosphate values were then subtracted from
P in the 24 h urine and fecal collections during HK and post-HK and after phosphate con-
sumption. The differences were compared with the total amount of phosphate consumed and
then expressed as a percentage of P absorption 24 h after P consumption.

Plasma, urine and fecal sample collection

Urine and feces were collected from each rat every day and pooled to form 6-days com-
posites while plasma samples were collected every 6-days during pre-HK, HK and post-
HK. A 6-day (consecutive day) pooled samples were collected. Blood samples of 1 to 2
mL were obtained via a cardiac puncture from ether-anaesthetized rats. To obtain plasma,
blood samples, transferred into polypropylene tubes containing heparin, were centrifuged
immediately at 10,000 x g for 2 min at room temperature and separated using glass cap-
illary pipets that had been washed in hydrochloric acid and deionized-distilled water.
Aliquots for plasma phosphate (P) and intact parathyroid hormone (iPTH) analyses were
kept frozen at —20°C. 24-h urine samples uncontaminated by stool were obtained. Stain-
less steel urine-feces separating funnels (Hoeltge, model HB/SS, Hoeltge Inc., Cincinnati,
OH) were placed beneath each rat to collect uncontaminated 24 h urine samples. Urine
was collected in a beaker with a layer of mineral oil to prevent evaporation. Beakers were
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replaced daily. Urine for each 24-h period was collected in acidified acid-wash containers
and refrigerated at —4°C until needed for P analyses. Creatinine excretion was measured
to ensure 24 hr urine collections. Fecal samples were dried, wet ashed with nitric and per-
chloric acid and diluted as necessary with deionized distilled water and analyzed for P. A
marker was used for complete feces recovery.

Muscle and bone sample collection

Six hypokinetic and control rats from each group were sacrificed by decapitation on the
Ist, 7th and 9th day of the pre-HK period, on the 3rd, 7th, 15th, 30th, 50th, 70th and 98th
of HK period and on the 1st, 3rd, Sth 7th, 9th, 11th and 15th day of post-HK period. Mus-
cle (gastrocnemius) and bone (right femur) data are represented as the average of six rats.
The femur bones were cleaned of soft tissues, dried to a constant weight, weighed, re-
duced to ash in a muffle furnace at 600 degrees for 144 minute, then the ash was weighed
and dissolved in 0.05 N HCI and, as a chloride solution, analyzed for P. The gastrocne-
mius muscles were excised immediately after sacrificing the animals. Muscles were thor-
oughly cleaned of connective tissues, fatty inclusions and large vessels, weighed on Teflon
liners and placed in a drying chamber at 110°C. After drying to a constant weight mus-
cles were transferred to quartz tubes for mineralization by means of concentrated HNO;,
distilled off in a quartz apparatus. After ashing, the residue was dissolved in 0.05 M HCI
and, as chloride solution, analyzed for P content in muscle and bone of rats.

Phosphate and parathyroid hormone measurements

Samples were analyzed in duplicate and adequate standards were used for measurements:
Plasma iPTH levels were measured using immunoradiometric assay test kits (Nichols
Inst., San Juan Capistrano, CA). Muscle (gastrocnemius) and bone (femur) P content,
plasma, fecal and urinary P levels were measured by spectrophotometry on a Perkin-
Elmer 330 model (Perkin-Elmer Corp., Norwalk, CT). Urine and fecal samples, were as-
pirated directly into a spectrophotometer and diluted as necessary.

Statistical analyses

The results were analyzed with a 2 (hypokinetic vs. active controls) X 2 (supplemented
vs. unsupplemented) X 2 (pre-intervention vs. post-intervention) ANOVA with repeated
measures on the last factor. The Tukey-Kramer post-hoc test was applied to establish
which means were significantly different from each other. A format analysis was con-
ducted to establish the shape of changes. A correlation coefficient was used to examine
the correlation between P absorption with tissue P content, P excretion and plasma P lev-
els. The predetermined levels of significance was set at alpha <0.05. The obtained results
were reported as mean = SD (standard deviation).

Results

Pre-hypokinetic phosphate values with and without phosphate supplementation

Phosphate absorption, and P levels in muscle, bone, plasma, urine and feces (Table IA)
and iPTH levels (Table IB) were not different between hypokinetic and control groups of
rats. With the daily P supplementation, P absorption and P levels in muscle, bone, plasma,
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TABLE IA. Absorption, plasma, urine, feces, gastrocnemius muscle and femur bone
phosphate levels measured in rats at pre-hypokinesia and during vivarium control,
and hypokinesia.

Gastrocnemius
Muscle Femur
Absorption Plasma Urine Feces (mEq/kg Bone
Days (%) (mmol/L) (mmol/day)  (mmol/day) dry tissue) (mg/100 g ash)
Unsupplemented Vivarium Control Rats (UVCR), n = 6
Pre-HK 65+3 2.04 £ 0.05 2.17+0.5 4.54 £0.22 4.05+04 20.2 £0.7
3rd 66 2 2.03 £0.03 216 £0.2 4.52+0.24 4.07£0.3 20304
7th 65 +4 2.04 £ 0.04 2.17+03 4.50 £ 0.30 4.06 = 0.5 20.5 0.6
15th 66 3 2.02 £ 0.05 2.15+£0.2 4.51 £0.27 4.07£0.3 20.3 £0.7
30th 65+4 2.03 £ 0.06 2.16 £ 0.7 4.50 £ 0.30 4.06 £ 0.4 20504
50th 66 +5 2.02 +0.03 21504 4.53 £0.24 40704 20.6 £ 0.8
70th 66 2 2.03 £ 0.05 2.16 £0.3 4.50 £0.25 4.06 £ 0.5 20.7 £ 0.6
98th 65+3 2.04 £ 0.03 215+£0.2 4.52 £0.27 40704 20.7 £ 0.4
Unsupplemented Hypokinetic Rats (UHKR), n = 6
Pre-HK 65 +4 2.04 £ 0.03 2.16 £ 0.2 4.53 +£0.34 4.06 £ 0.3 20.1 £ 0.6
3rd 19£2*% 227 +0.05% 2.85+03* 6.66+0.33* 3.66+04% 18.2+04*
7th 23 £3%  225+0.04* 2.78x04% 641+034* 370+05% 184 +£0.5%
15th 17 4%  229+0.06% 293 +0.6% 7.15+028*% 3.57x04% 17.7+04%
30th 19+3*%  227+0.03* 285+03* 6.82+035% 3.63+£05*% 17.9+0.7*
50th 15+2%  233+0.05% 3.00+05*% 748 +0.27% 347+0.6% 17.1£0.5%
70th 17+3*%  230+0.03%* 293 +04* 723 +035% 355+x04% 17.5+04%
98th 13£2*%  236+0.04* 3.13+£03* 7.72+0.30* 343+£05*% 16.8+0.5*%
Supplemented Vivarium Control Rats (SVCR), n = 6
Pre-HK 66 £2 2.09 £ 0.05 22704 4.76 £0.33 4.18 £0.3 20.7 £ 0.4
3rd 45 £ 4 2.11 £ 0.03 230+0.3 520 £0.25 420x04 20.8 £ 0.5
7th 46 +3 2.08 + 0.04 227 +0.6 5.12+0.34 4.19+0.3 209 £ 0.4
15th 47 £2 2.12 £ 0.05 234 +03 5.23 £0.26 42104 209 £0.5
30th 46 £ 4 2.09 £ 0.03 230+0.5 5.14 £ 0.35 420+33 21.0 £ 0.6
50th 47 +5 2.13 +0.04 24104 525 +0.25 422 +0.5 21.2+0.5
70th 46+ 3 2.10 £ 0.03 237+0.5 5.16 £0.27 42104 21304
98th 47 £ 4 2.13 £ 0.05 245+03 522 +0.25 4.22+0.3 214 0.5
Supplemented Hypokinetic Rats (SHKR), n =6

Pre-HK 67 x4 2.09 = 0.05 226 +0.5 4.77 £0.33 41804 20.7 £ 0.7
3rd 13 £ 3% 2.55+0.04%" 3.87 £0.42% 8.97 £ 0.24** 327 £0.5%" 16.7 +0.5*"
7th 15+ 2% 253 +0.03% 371 +£0.38*" 8.76 £ 0.33*" 3.30+0.4* 169 +0.7*"
15th 11 4% 257 £0.04% 393 +£0.46%" 9.55+0.34*%" 321 +0.5%" 162+ 0.4%*"
30th 13 £ 3% 2.55+0.05%" 3.87 £0.35%" 9.31 £0.25%" 3.25+0.3*% 164 +0.5*"
50th 07 2% 259 +0.03*" 3.99 +0.42*" 9.88 +£0.34** 3.15+0.5%" 15.7 +0.8*"
70th 09 +3**  2.57 £0.04%" 3.93 £ 040*" 9.66 = 0.35*" 320 £ 0.3*" 15.9 + 0.6%*
98th 05 £ 2% 2.63 £0.05%" 4.07 £0.39*" 10.23 £ 0.23** 3.12 £ 0.4*" 15.3 + 0.5*"

All values are expressed as mean = SD.
*p < 0.05 significant differences between vivarium control and hypokinetic groups of rats. Each of the hypoki-
netic groups was compared with their respective controls (UVCR vs UHKR and SVCR vs SHKR).

*p < 0.05 significant difference between supplemented and unsupplemented hypokinetic groups.
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TABLE IB. Parathyroid hormone levels (ng/dL) measured in rats at pre-hypokinesia and
during vivarium control and hypokinetic conditions

Unsupplemented Supplemented
Vivarium Control Hypokinetic Vivarium Control Hypokinetic

Days Rats (UVCR) Rats (UHKR) Rats (SVCR) Rats (SHKR)
Pre-HK 0.45 £0.03 0.45 £ 0.04 0.46 = 0.02 0.46 = 0.04
3rd 0.46 = 0.02 0.38 = 0.05* 0.47 = 0.03 0.33 £ 0.05%*
7th 0.47 = 0.04 0.40 = 0.02* 0.46 = 0.05 0.31 = 0-03*
15th 0.46 = 0.07 0.35 = 0.05* 0.48 = 0.04 0.30 = 0.04*
30th 0.47 = 0.03 0.37 £ 0.03* 0.47 = 0.03 0.34 £ 0.05%*
50th 0.46 = 0.04 0.33 £ 0.04* 0.48 = 0.05 0.28 + 0.03**
70th 0.47 +0.03 0.34 +0.03* 0.47 = 0.03 0.30 £ 0.05%*
98th 0.46 = 0.04 0.32 £ 0.05* 0.48 = 0.05 0.26 + 0.04%*

# * S.D., as in Table I.

urine and feces and plasma iPTH levels were not different between hypokinetic and con-
trol groups of rats (Tables 1A, IB).

Hypokinetic phosphate changes with and without supplementation

Muscle and bone P content, P absorption, plasma iPTH levels, plasma P levels, fecal and
urinary P excretion did not change in UVCR and SVCR compared with their pre-HK
values (Tables IA, IB). Muscle and bone P content, P absorption and plasma iPTH con-
centration decreased significantly (p<0.05) while plasma P levels, fecal and urinary P ex-
cretion increased significantly (p<0.05) in SHKR and UHKR compared with their pre-HK
values and values in their respective vivarium controls (SVCR and UVCR) (Tables IA,
IB). However, muscle and bone P content, P absorption, and plasma iPTH levels de-
creased significantly (p<0.05) more while plasma P levels, and fecal and urinary P excre-
tion increased significantly (p<0.05) more in SHKR than in UHKR (Tables IA, IB). A
significant correlation, r = 0.93, was present between decreased P absorption and de-
creased tissue P level, and increased plasma P levels and P excretion. Tissue P content, P
absorption, plasma iPTH levels, plasma P levels, and P losses fluctuated during HK, but
at no time did the measured parameters revert back to the control values (Tables IA, IB).

Post-hypokinetic phosphate changes with and without supplementation

Bone and muscle P content, P absorption, plasma iPTH levels, plasma P levels, fecal and
urinary P excretion did not change in SVCR and UVCR compared with their pre-HK
values (Tables ITA, IIB). Phosphate absorption increased significantly (p<0.05), and
plasma P levels, fecal and urinary P excretion decreased significantly (p<0.05), while
iPTH level, bone and muscle P levels remained significantly (p<0.05) depressed in SHKR
and UHKR compared with their respective vivarium controls (SVCR and UHKR) (Tables
IIa, IIb). However, P absorption increased significantly more, and plasma P levels, fecal
and urinary P excretion decreased significantly more, while iPTH levels, bone and mus-
cle Plevels remained significantly more depressed in SHKR than in UHKR (Tables ITA,
IIB). A significant correlation r = 0.93 was present between increased P absorption and
decreased tissue P content, plasma P level and P loss. Bone and muscle P content, P ab-
sorption, plasma iPTH levels, plasma P levels, fecal and urinary P excretion in SHKR and
UHKR fluctuated throughout the initial 9-days of post-HK but at no time did these values
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TABLE IIA. Absorption, plasma, urine, feces, gastrocnemius muscle and femur bone
phosphate levels measured in rats during vivarium control and post-hypokinesia.

Gastrocnemius
Muscle Femur
Absorption Plasma Urine Feces (mEq/kg Bone
Days (%) (mmol/L) (mmol/day)  (mmol/day) dry tissue) (mg/100 g ash)

Unsupplemented Vivarium Control Rats (UVCR), n = 6

2nd 65+3 2.05+£0.05 21702 454+0.24 4.05+0.2 20.7 £ 0.4
3rd 64 +3 2.04 +0.03 21603  455+0.22 4.06 £ 0.5 20.6 £ 0.2
Sth 65 +4 2.05 £ 0.04 21704 454023 4.07 = 0.6 20.7 0.5
7th 63 +2 2.04+£0.03 21603  455+0.20 4.06 £ 0.3 20.5 0.6
Oth 65 +3 2.05 = 0.04 21702 454+0.24 4.05+0.4 20.7 0.4
11th 63 +3 2.04 £ 0.05 21603  4.55+0.21 4.06 + 0.5 20.5+0.3
15th 65 +2 2.05 £ 0.04 21702  454+0.23 40704 20.6 £ 0.5

Unsupplemented Hypokinetic Rats (UHKR), n = 6

2nd 80 +£5% 142+0.03* 1.51+0.7% 3.16+0.23*% 344 +0.6% 169 +0.5%
3rd 77T+4% 144 x004*% 153+05*% 3.17x023% 345+x04* 17.0+0.3*
5th 82+ 6% 140+0.05%# 148+0.7% 3.11+x0.22*% 343 +0.7% 16.7 +04*
7th 78 £3% 144 +0.04% 154+04% 3.15+024* 344+04% 17.2+0.5%
Oth 81 4% 141 +0.03* 1.50+0.5% 3.13x023*% 342+0.5% 16.8 +0.3%
11th 56+3 1.89 + 0.05 191+0.6 3.84x0.24 3.86 £0.3 18.8 0.5

15th 48 £2 2.05 +0.03 1.18 04  457+022 398+0.2 197+ 0.4

Supplemented Vivarium Control Rats (SVCR), n = 6

2nd 66 + 4 2.16 = 0.04 245+ 0.5 520 +£0.23 422 +04 214 +0.6
3rd 64 +3 2.15 £ 0.05 24103 5.17+0.21 421 +0.5 213+04
5th 65+3 2.16 £ 0.03 238+£0.6 520x0.22 4.22+0.3 214 0.5
7th 65 +2 2.14 = 0.04 241 0.5 525+0.24 423 +£0.6 21.0+x0.4
9th 64 + 4 2.15+0.03 23604  5.17x0.21 420x0.2 20.8 £ 0.6
11th 65+3 2.14 £ 0.05 24003 524 +£0.22 418 +0.4 20.6 £ 0.3
15th 66 + 2 2.13 +0.03 238 +0.5 5.18 £0.23 4.19+0.3 203 0.4

Supplemented Hypokinetic Rats (SHKR), n = 6

2nd 95 5% 1.25+0.03*" 1.05+0.5% 2.17 £0.24*" 3.13 +0.5%" 152+ 0.4**
3rd 93 £ 4% 1.26 £ 0.04*" 1.09 £ 0.4*" 223 £0.22%" 3.14 £ 0.6*" 154 + 0.5%"
Sth 97 £ 6**  1.23 £0.05%" 1.03 £0.6%" 2.10 £ 0.20*" 3.10 £ 0.5%" 14.8 + 0.3**
7th 95 £ 4% 1.25+0.04*" 1.06 +0.5%" 2.15+0.21*" 3.13 +0.4*" 150+ 0.5%"
Oth 96 = 5% 1.22+0.03*" 1.04 £ 0.4*" 2.12 £0.26%" 3.11 £ 0.5%" 14.9 + 0.3**
11th 59+3 1.84 + 0.05 1.85+0.5 3.66 + 0.03 3.84+0.3 184+ 0.5

15th 51+3 2.05 = 0.03 23005 5.04=+0.04 4.03 0.3 197+ 0.4

All values are expressed as mean + SD.

*p < 0.05 significant differences between vivarium control and hypokinetic groups of rats. Each of the hypoki-
netic groups was compared with their respective controls (UVCR vs UHKR and SVCR vs SHKR).

*p < 0.05 significant difference between supplemented and unsupplemented hypokinetic groups.
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TABLE IIB. Parathyroid hormone levels (ng/dL) measured in rats during vivarium control
and post-hypokinetic conditions

Unsupplemented Supplemented

Vivarium Control Hypokinetic Vivarium Control Hypokinetic
Days Rats (UVCR) Rats (UHKR) Rats (SVCR) Rats (SHKR)
Pre-HK 0.45 = 0.03 0.45 = 0.04 0.46 = 0.02 0.46 = 0.04
2nd 0.46 = 0.03 0.32 £ 0.05* 0.43 £ 0.03 0.22 + 0.02%*
3rd 0.45 +0.04 0.33 = 0.03* 0.44 = 0.04 0.23 £ 0.03**
Sth 0.46 = 0.03 0.30 = 0.04* 0.43 = 0.03 0.20 £ 0.05%*
7th 0.45 = 0.05 0.33 £ 0.03* 0.44 = 0.05 0.24 £ 0.03**
9th 0.46 = 0.03 0.31 +0.02* 0.45 = 0.03 0.21 £ 0.04%*
11th 0.45 £ 0.04 0.39 £ 0.05 0.43 £0.02 0.37 £ 0.05
15th 0.46 = 0.05 0.44 = 0.04 0.44 = 0.04 0.39 = 0.04

* % S.D., as in Table 1.

revert back to the control values (Tables IIA, IIB). However, as the duration of post-HK
increased muscle and bone P content, plasma iPTH levels, plasma P levels, fecal and uri-
nary P excretion increased, and P absorption decreased progressively and by thel5th day
of post-HK approached the control values (Tables I1A, IIB).

Discussion

Phosphate deposition with and without phosphate supplementation during
pre-hypokinesia

Plasma P levels in supplemented and unsupplemented hypokinetic and control groups of
rats did not show any increase; this is because the ingested P amount was retained by the
body and was taken up for deposition in tissue (4, 5, 15-17). Stable plasma P level shows
that P as a consequence of normal motor activity is readily bound to tissue, which means
that P is deposited in tissues (4, 5, 15—17). Intake of P supplementation shows that when
animals receive large P amounts, while their motor activity is normal, plasma P concen-
tration does not increase, because a significantly greater P amount is deposited in tissues.

Parathyroid hormone changes with and without phosphate supplementation during
hypokinesia

With tissue P depletion plasma iPTH levels decreased while significant differences from
control values in renal tubular maximum for P were observed. PTH favor the transloca-
tion of P in plasma and responds to a plasma P change, so that a constant plasma P level
is maintained (4, 5), however, during HK and tissue P depletion the role of PTH still re-
mains confusing. With tissue P depletion iPTH levels should have increased, because it is
known that a modest decrease in tissue P content is rapidly followed by significant secre-
tion and/or synthesis of PTH. However, tissue P depletion in hypokinetic rats suppressed
iPTH secretion, although the effect of lower plasma iPTH on renal handling of P is char-
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acterized by the ability of renal tubules to reabsorb P (4, 5). If iPTH had played any part
in the renal handling of P, a similar effect in the renal handling of P would be expected
with tissue P depletion. However, findings show that with tissue P depletion iPTH did not
play any important role in renal handling of P. Increase of P loss could not have been at-
tributable to the decreased plasma iPTH levels because no clear-cut relation was present
between decreased plasma iPTH levels and increased P loss. This means that the increase
of P loss was primarily attributable to decreased P deposition inherent to HK (4, 5, 9—11).

Phosphate deposition with and without phosphate supplementation during
hypokinesia

During normal muscular activity P consumption in large amounts usually contributes to
over absorption and uptake of P, while during HK no matter if animals or humans ingest
large or small P amounts, absorption and uptake of P is depressed (15—17). Tissue P de-
pletion during normal muscular activity is normally accompanied by an increase of P ab-
sorption and uptake, however, tissue P depletion during HK, is associated with a decrease
of P absorption and uptake (15—17). During pre-HK, P supplementation was deposited to
a significant extent in bone and muscle that protected plasma P from any increase.

It is interesting that hypokinetic rats have shown a decrease of P content in bone and
muscle regardless of their type of functional activity and morphological characteristics.
Generally minerals are decreased most in muscle and bone that have a support function
(4, 5). The severity of decreased muscle and bone P content was different in gastrocne-
mius muscle and right femur with different function and morphology, and P level de-
creased most in gastrocnemius muscle and least in right femur. The mechanism of
decreased P content in bone and muscle with different function and morphology is not
clear; there are grounds to conclude that decreased tissue mineral content is attributable
to many factors (4, 5, 9—11). Decreased tissue mineral content is probably attributable to
increased mineral losses due to decreased mineral deposition (4, 5, 9—11). This is possi-
bly ensured by the new level of endocrine mineral control mechanisms, decreased tissue
mineral utilization and decreased bone and muscle cell mass (4, 5). Thus, decreased tis-
sue P content is attributable to higher P losses primarily due to decreased bone and mus-
cle P deposition regardless the type of their function and morphology. The severity of
decreased tissue P content shows the magnitude of diminished muscular activity and de-
creased mechanical load in right femur and gastrocnemius muscle and thus intensity of
decreased P deposition (4, 5, 9-11).

The significant increase of P excretion in the face of a significant decrease of tissue P
content is a striking abnormality. Hypokinetic rats showed excessive P loss with decrease
in bone and muscle P level compared with their pre-HK values and the values in control
rats. This shows that hypokinetic rats experienced a decrease of P deposition (4, 5). Evi-
dently, P intake regardless of its amount, cannot be deposited in the body unless factors con-
tributing to decreased P deposition are totally reversed. Measuring the 24 h
P intake and P losses, it was shown that the lower P deposition, the higher P loss and
the lower tissue P content. Failure of P to be deposited in the body with tissue P deple-
tion made it possible to show that tissue P depletion is not so much a matter of P short-
age and P imbalance in the diet as decreased ability of the body to utilize P (15-17).
Although there is convincing evidence of the role of HK in the genesis of the decrease of
P deposition the mechanism for this remains unclear. However, it is clearly established
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that prolonged HK is a factor of higher risk for decreased P deposition and excessive P
losses with tissue P depletion.

A higher P loss with lower tissue P content has been shown with P supplementation
than without supplementation. The higher P intake with lower tissue P content intensified
P losses compared with lower P intake and lower tissue P content. This resembles a vi-
cious circle, that is, the higher P intake, the lower tissue P content and the higher P loss
in SHKR than in UHKR. Because SHKR experienced higher P loss with lower tissue P
content than UHKR it was concluded that the more P consumed the more efficiently P is
cleared from the blood stream and the more readily P is lost, thus the less likely it is to
normalize tissue P level. It is unknown why SHKR with lower tissue P content would
have shown greater P losses than UHKR. However, there is published evidence which
suggest that regardless of the intensity of P imbalance, a higher as opposed to a lower P
intake contributes to higher P loss (15-17). Moreover, a high P intake has increasingly
been recognized as an important determinant of a higher P excretion with P imbalance
(15-17). Because of decreased P utilization a higher P intake may place severe stress on
the body contributing to impaired P deposition and excessive P losses (15—17). The higher
P losses with lower tissue P content is more likely to be attributable to the lower P depo-
sition with P supplementation than without supplementation.

Phosphate absorption with and without phosphate supplementation during
post-hypokinesia

Decrease of P excretion during post-HK is indicative of tissue P depletion during HK be-
cause decreased P excretion develops with tissue P depletion unless other overriding fac-
tors coexist (9—11). Measuring the 24 hour P intake and P excretion during post-HK, it was
shown that the higher P absorption, the lower P loss and the greater tissue P depletion.
Continuing P absorption during post-HK shows the intensity of tissue P depletion during
HK. During the initial 9-days of post-HK, the decrease of P excretion was probably di-
rected towards counteracting tissue P depletion, while increased P absorption during the
subsequent days could have resulted from decreased tissue P content and/or resumption of
motor activity (9—11). If hypokinetic rats had not experienced tissue P depletion they could
not have shown a decrease of P excretion during post-HK. Continuing decrease of bone
and muscle P content and decrease of P excretion during post-HK shows the magnitude of
tissue P depletion during HK. When tissue P content started to increase, as the duration of
post-HK period increased, tissue P content increased progressively and by the end of the
post-HK period approached the control values.

Because P supplementation failed to affect tissue P depletion during HK and muscle
and bone started to be repleted with P only during post-HK, it was concluded that tissue
P depletion cannot be normalized with daily P supplementation unless P deposition and
motor activity are restored (9—11). In favor of this are many facts available, for instance,
the intake of a daily P supplementation did not normalize bone and muscle P content dur-
ing HK until P deposition and motor activity were restored during post-HK. During post-
HK, P absorption increased, while tissue P content remained significantly depressed. This
shows that during HK tissue P content could not reach a certain degree of normalcy with P
supplementation and P could not be deposited in the body. Significant increase of P ab-
sorption during post-HK could certainly have been attributable to the tissue P depletion dur-
ing HK, because increase of mineral absorption is associated with tissue mineral depletion
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(4, 5, 9-11). Increase of P absorption during post-HK and P supplementation evidently had
been attributable to decrease of tissue P level during HK. However, because of the presence
of several biochemical and hormonal factors known to affect bone and muscle P content, it
is difficult to prove the unequivocal causal role of HK and P supplementation in the gene-
sis of tissue P depletion in such highly complex settings.

In contrast to other non-hypokinetic and P supplementation studies with animals, P
supplementation did not affect tissue P content during HK. Differences between P depo-
sition and level of motor activity could have inhibited the effect of P supplementation on
tissue P content (4, 5, 9—11). Thus, P supplementation would fail to prevent tissue P de-
pletion in animals forced to restrict their motor activity, allowing cell mass and P deposi-
tion to decrease further (4, 5). Several other potential factors could have been present
which could have inhibited the effect of P supplementation on tissue P content (4, 5).
However, the mechanisms by which SHKR and UHKR experienced higher P loss with
lower tissue P content than SVCR and UVCR remains unclear. Many mechanisms have
been proposed to explain the cause of increased mineral losses with tissue mineral deple-
tion during prolonged HK (4, 5, 9—11). Chief among these is 1) diminished size of ion
pool of cells, 2) decreased bone cell mass (decreased bone matrix), and change in mineral
level of cells, 3) injury of skeletal muscle cells that changes the integrity of sarcolemma
and leads to release of intracellular electrolytes in plasma and 4) decreased tissue cell
mass that results in diminished holding capacity for minerals (4, 5). Studies have shown
that decreased tissue cell mass is probably the main contributor for decreased deposition
and the main factor of electrolyte loss with tissue electrolyte depletion during prolonged
HK (4, 5). Thus, the biological mechanisms and the potential effects of decreased P de-
position on tissue P depletion may be found at the cell level.

Conclusion

The increase of P excretion with decrease of tissue P content demonstrates decreased P
deposition. Significantly higher P excretion with significantly lower tissue P content in
SHKR than in UHKR demonstrates that P deposition is decreased more with than with-
out P supplementation. Because SHKR with a lower tissue P content showed higher P ex-
cretion than UHKR it was concluded that the risk of decreased P deposition with greater
tissue P depletion is inversely related to P intake, that is, the higher P intake the greater
the risk for decreased P deposition and the greater tissue P depletion. It was shown that
P, regardless the intensity of its tissue depletion, is lost during HK unless factors con-
tributing to the decreased P deposition are partially or totally reversed as was demon-
strated in this study. It was concluded that dissociation between decreased tissue P content
and increased P losses from the body indicates decreased P (absorption and) deposition
as the main mechanism of tissue P depletion during prolonged HK.
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Abstract:  The hornet is an endothermic insect. Daily variations in hornet surface temperature were
measured. Three peaks were found between 9: 30 and 10: 30 a.m., 11 and 12 a.m. and between 2 and
3 p.m. Electrical current and voltage values were highest along the head. Electrical current along the
gaster and the head flowed towards the thorax, i.e., from body parts with minimal temperature to-
wards the body part with maximal temperature. Current and voltage values measured across the
cuticle of the gaster were about SnA and 100 mV, respectively, and these were of the same order of
magnitude as the current and voltage values along the cuticle. It was found that: 1) temperature
regulation most probably originates in the thorax and 2) there is a correlation between the temper-
ature distribution along the hornet body surface and levels of the cuticular electrical signals.

THE TEMPERATURE in nests of the Oriental hornet (Vespa orientalis L., Hy-
menoptera, Vespinae) is almost constant and not influenced by changes in the ambient
temperature (Ishay and Ruttner, 1971; Guiglia, 1972; Spradbery, 1973; Edwards, 1980;
Matsuura and Yamane, 1990). The temperature of the individual hornet outside the nest,
however, changes in accordance with the ambient air temperature (Heinrich, 1981). Ther-
mal photographs of isolated hornets taken with infrared camera by Litinetsky et al.
(2001) showed that the temperature of hornet body parts was higher than the ambient tem-
perature. Subsequently, however Ishay et al. (2003) found that the temperature of certain
parts of the vespan cuticle may be below the ambient temperature, which suggested that
a natural thermoelectric heat pump was the mechanism that cooled the hornet body. The
electrical properties of hornet cuticle have been previously investigated (Ishay et al.,
1991; 1992; 1993; 1995; Ishay and Litinetsky, 1996; Kristianpoller et al., 1997) and it has
been shown, that these properties were similar to those of some organic semiconductors
(Aschcroft and Mermin, 1976; Gutmann et al., 1983; Rowe, 1995; Tritt, 1997).
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In the present study we measured the temperature distribution along the body parts of the
hornet at different hours of the day. This was done in an attempt to detect a prime organ for
thermoregulation and a possible correlation between the temperature distribution along the
hornet body surface and the distribution of spontaneous voltage and current values.

Materials and Methods

All measurements were carried out on live adult hornets (workers, males and young
queens, all together 89 specimens were used) originally collected from nests in the field
in the Tel-Aviv area during the hornet active season (July—November) by the method de-
scribed by Ishay (1964). The Oriental hornet is a colorful insect: most of its body is brown
in color but two segments of its gaster are yellow and so also some plates on its head. In
the brown body parts the pigment is melanin but in the yellow stripes on the gaster there
are yellow granules under the transparent cuticle and these are composed of purines and
pteridines (Becker, 1937; Ishay et al., 1991; Kristianpoller et al., 1997).

Test specimens were picked up by a thin rubber holder from among a group of hornets
and placed on a heat-insulating (foamed plastic) holder. Measurements were made under
laboratory conditions, in the shade, but with open windows so the hornet could sense the
solar radiation, at an ambient temperature of 24°C (imposed by air conditioning of the an-
imal house). A digital thermometer (Neutron TM-5007) with two thermocouples (accu-
racy of 0.1°C) was used for temperature measurements on the surface of the insect body.

In order to ascertain the origin of the thermoregulation control signal the head of three
queens was separated from the rest of the body by a silk thread ligature made between the
head and the rest of the body. The temperature along the body was measured before and after
the ligature as well as after removal of the ligature. Temperature was recorded along the
body surface on the head, thorax and gaster of 13 males. This was done first on the intact
insects, and next they were dissected, their wounds blocked by liquid (warmed) beeswax
and the temperature then measured on each of the separate sections (head, thorax and gaster).

In order to measure voltage and current, alligator clips were fastened onto the points of
the cuticle surface to be measured. The clips, in turn, were connected to an electrometer
(Keithley 617, accuracy 0.1%). Electrometer data were recorded by a computer (Pentium-
IV, communication Protocol IEEE 488 GPIB). Special plane and point probes were used
for electrical measurements across the cuticle (instead of the alligator clips). Electrical
measurements were made in the dark, whereas all other measurements were carried out
under illumination by fluorescent white light of app. 700 Lux. Statistical analyses were
made using the program Origin 6.1 (Microcal). The average value was calculated as a
geometric mean.

Results

Temperature distribution along the hornet body surface was investigated in 29 hornet
specimens and all the recorded temperatures were found to be higher than the tempera-
ture of the surrounding air. Mean temperature distribution is given in Figure 1A
(n=29,SD =0.41). As can be seen in the figure, the thorax temperature was highest while
the head temperature was usually the lowest. The difference between body temperature
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(Thoay) and ambient temperature (Ty;) (i.e., AT) was about 3.5°C on the average, but oc-
casionally differences as high as 7°C were recorded (usually on the thorax).

The daily variation differences between Tyoqy and Ty, for head, thorax and gaster were
also measured [Figures 1B—1D, n = 30; Figure 1B (head) SD = 0.70; Figure 1C (thorax)
SD = 0.44; Figure 1D (gaster) SD = 0.54]. In this regard, three variance sinusoid-like
curves were recorded. In every curve there are three peaks, the first and second of which
were noted in the morning and near noon, while the third occurred between 1 and 3 p.m.
As can be seen, throughout the range of temperatures recorded the hornet body tempera-
ture was invariably higher than the ambient temperature.

The possible connection between body temperature and spontaneous voltage and cur-
rent was investigated along the hornet body surface. Histograms of mean values of spon-
taneous voltage and current along the cuticle are given in the Figure 1E. Voltage (n = 15,
SD = 0.34) and current (n = 12, SD = 0.25) levels were highest on the head. Note, that
both the current along the gaster and that along the head flows toward the respective junc-
ture with the thorax. Current and voltage in a direction perpendicular to the cuticle surface
were also measured in the gaster, and as seen in Table I, they were of the same order of
magnitude as those along the surface of the cuticle. The interior of the cuticle was usually
electrically positive i.e., in these specimens the current (electrons) flows from the outer

TABLE 1. Values of spontaneous voltage and current in cross section of cuticle
in the gaster region of the hornet body

Interior Exterior Sign of signals
electrode electrode at the interior Voltage”  Current’

Sample N Caste on the stripe on the stripe electrode mV nA

1 queen yellow* yellow - 180 0.1

2 worker brown yellow + 85 5

3 male yellow brown + 80 4

4 worker yellow brown - 50 1.4

5 male yellow yellow + 150 12

6 queen yellow yellow + 55 6

7 male yellow yellow + 70 1.3

8 male yellow yellow + 100

9 male brown brown + 60 0.7
10 male brown brown - 75 0.02
11 male brown brown + 50 0.4
12 male brown brown + 90 0.1
13 male brown brown + 45 0.25
14 male brown brown + 140 5
15 male brown yellow - 80
16 male yellow yellow - 70

Mean 86 2.8
SD 39 24

"Maximal recorded voltage was 180mV and maximal current was 12nA, which means that the voltage the cur-
rent across the cuticle may be of the same order of magnitude as the voltage and current along the cuticle (see
Figure 1E).

* The hornet cuticle is largely brown in color with the responsible pigment being melanin , but there are also
yellow-colored stripes on the gaster in which the contributory yellow pigments are purines and pteridines.
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FIGURE 1. A) Average temperature distribution along the hornet body. Note that the thorax is the warmest area,
the head is the coldest and the gaster temperature is intermediary between the Ty,grax and Theaq; 0 =29, SD = 0.41.
B) Mean head temperature as a function of the time of day. The first maximum is not distinct; the main (second)
maximum corresponds with the peak solar UV-radiation; and the third maximum occurs at maximum ambient air
temperature. n = 30, SD = 0.70. C) Average thorax temperature as a function of the time of day. The main (first)
maximum is at about 10:30 a.m., the second is at 11:30 a.m. and the third is at about 2:30 p.m. n = 30, SD = 0.44.
D) Average gaster temperature as a function of the time of day. The main (first) maximum is at about 10:15 a.m.,
the second is at about 11:30 a.m. and the third is at about 2:30 p.m. n = 30, SD = 0.54. E) Average values of spon-
taneous voltage and current along the cuticle for different parts of the hornet body (head, thorax and gaster). Spon-
taneous voltage and current were maximum on the head, while values on the thorax and gaster were lower and
approximately equal. F) Superposition of the graphs of daily variations of temperature for different parts of the hor-
net body. The curves numbered 1-3 show relative variations of temperature difference for hornet bodily parts. As
can be seen there are three maxima on every curve, but the first maximum from the head area is not prominent and
is rather very close to the first maximum from the thorax area. The ratio of values of the second and third maxima
for curves (Tgpo — Tair) and (Tgager — Tair) Was about 1.3/1, i.e. the same as for curve (Theaq — Tair)- Measurements
were performed in September and October 2003.



TEMPERATURE DISTRIBUTION AND ELECTRICAL PROPERTIES ALONG HORNET BODY 127

o —
55
r 1-head
50 '@ ° 2-thorax
45 . 2 3 ]
A O T |—| 3 -gaster
YN S ) 5 - Tair=24°C | |
3.5 * o *
@ [3]. E A
0|30 : 5 : f51
%, \\ L) 2 ) s
'21 K —E " ... . | " |_| R
2.0+ A : 3
o o ‘ .
1515 8 N /\ -
1045 T .
e A e, NS/
: I V N——<I"V LN
Y [T
L
-0.5 +——7 — " " " — - - :
15 20 25 30 35 40 45 50 55 60 65 70 75 80
Temperature distribution along a whole hornet body
B vs separated body pans,' males , n=13
3.0
1-whole body
2-15 min after dissection
254 | T, =24%
2.0
o({ f
15 Q
1.0 NN
054 |\ _ 4 — A
2
0.0 . NN —L
Head Thorax Gaster

FIGURE 2. A) Temperature difference between hornet body parts and ambient air (AT) before and
after ligature. Ligature via silk wire was made between head and rest of the hornet body. Prior to
ligating, the AT for head, thorax and gaster were 3.5°C, 4.5°C and 3.2°C respectively, after ligating
the AT decreased to a mere 0.2—0.5 °C for all parts and following removal of the ligature the AT
increased again to 1.3-2.0°C. B) Temperature distribution along the entire body in an intact hornet
and in separated body parts. AT is the difference between the temperature of the hornet body and
the ambient temperature. The body temperature before dissection was higher by 1.5-3.0°C than the
surrounding temperature, but within in 15 min after sectioning the AT dropped to about 0.5°C. Ex-
periment performed during November 2003.
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site to the inner site, but in some specimens it was negative. We were puzzled by these
temperature differences between the various body parts of the hornet and also those be-
tween the body as a whole and the environment. In an attempt to unravel this puzzle, two
experiments were undertaken. In the first, a ligature of silk wire was made between the
head and the rest of the body in three young queens and their temperature was measured:
a) 20 minutes before ligating their head; b) 25 minutes after ligating the head and c) 25
minutes after removing the ligature. The results are presented in Figure 2A. As can be
seen, prior to ligating the head the temperature difference of the head (AT) was 3.5°C,
after ligating the AT decreased to a mere 0.5°C and after removing the ligature the AT
rose again to about 1.3°C.The similar procedure done with the gaster did not produce sig-
nificant temperature difference before and after legation.

From this experiment it would seem that the origin of the signal for body thermoregu-
lation is in the thorax.

In the second experiment, the body temperature of 13 males was measured before and
after dissection and their AT was measured. Results are presented in Figure 2B. As can be
seen, the body temperature before dissection was higher by 1.5-3.0°C than the surround-
ing temperature and 15 min after sectioning the AT dropped to about 0.5°C.

The electrical values recorded from the entire hornet body before and after sectioning
have been measured and we found that 15 min after sectioning the voltage level in every
sectioned part was not significantly different from that of the entire body; however, the
current values were lower, namely: on the entire body they averaged 35nA, while in the
sectioned parts they averaged only 12nA.

Discussion

Perusal of the curves of daily variation of the body temperature (Figures 1B—1D) reveals
three sinusoidal maxima. However, in the curve for head temperature (Figure 1B) only two
maxima of differing values are evident. The occurrence of the main maximum (at 11:30
a.m.) is congruent with the peak solar UVB ground radiation recorded in the Tel-Aviv area
during August—October (Lubansky, 2003). The lesser maximum on the graph coincides with
the daily maximum of ambient temperature (Riabinin et al., 2004). Increase of the ambient
temperature may possibly boost hornet body temperature (and the temperature difference).
The values of spontaneous voltage in hornet cuticle are proportional to values of the UVB
irradiation (Ishay et al., 1991), and that finding suggests a connection between body tem-
perature and spontaneous electrical voltage in Oriental hornet cuticle. We did not, however,
expose hornets to direct UVB-radiation in the course of the present study, so it is conceiv-
able that our specimens retained a prior memory of the daily rhythm of solar radiation, as a
biological clock. The main maximum exceeded the afternoon maximum by a ratio of 1.3/1,
suggesting that the temperature difference (Tpe.q — T, 1 apparently more dependent on
solar UVB-radiation than on the ambient temperature .

In the analogous curves for Ty, (Figure 1C) and Tgager (Figure 1D) we observed an ad-
ditional maximum at about 10 a.m., which was the highest in these body parts. If we
superpose all the mentioned three graphs of daily variation in temperature (Figures 1B—1D)
the following picture evolves (Figure 1F), to wit: there are three maxima on every curve,
but the first maximum in the head area is not prominent and is in close proximity to the
first maximum in the thorax area. It can be seen that the relative value of the first maxi-
mum rises when proceeding from the head to the gaster (i.e., AT efative = 0.81, 0.95 and
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1.00 for head, thorax and gaster respectively). The reason for that is not yet clear. It is
noteworthy that the ratio between the values of the second and third maxima in Figure 1C
(Ttho — Tair ) and Figure 1D (Tgaster — Tair ) Was about 1.3 to 1.0, i.e., the same as in Fig-
ure 1B (Thead - Tair )-

The distribution of spontaneous voltage and current along the cuticular surface (Figure
1E) reveals that the maxima of voltage and current are recorded from the head cuticle, fol-
lowed by lower levels measured in the gaster and thorax areas. We assume that the higher
levels of electrical activity measured in the head area stem from two reasons: 1) because
in the hornet the head is generating most of the electrical activity, some of which is trans-
ferred to the other body parts; and 2) the hornet head houses most of the sensory and
motor systems of the body, which intercommunicate via electrical means. By ligating the
head, the temperature difference (AT) in all body parts including the head decreases to
about 0.5°C. If we assume that the head is signaling in some fashion (chemical or elec-
trical) why is the head temperature dropping as well after the ligation procedure? Possi-
bly because the other body parts, most probably the thorax, are also signaling to the head,
whether intact or separated (feedback mechanism).

Note that the spontaneous voltage and current across and along the cuticle surface are
approximately of the same order of magnitude, but in fact, perpendicular electrical fields
are much greater .The electrical field is proportional to 1/I, where [ is the distance between
the electrodes. At measurements along the cuticle the distance is about 2 cm, but the dis-
tance across the cuticle is about 40 micrometers. Thus the electrical field across the cuti-
cle is about 500 times higher than that along the hornet body (20.000um/40um). Thus the
electrical field across the cuticle is in the range of 250V/cm while along the cuticle the
value is 0.5V/cm.

It is worth mentioning that similar measurements have previously been performed on
honeybees engaged in collecting nectar in the field during the spring and summer months
(Kovac and Schmaranzer, 1996). The body temperature of these bees was usually found to
be higher than that of the surroundings, with the thorax yielding the highest temperature and
the gaster the lowest. Elsewhere (Inglis er al., 1996), grasshoppers have been reported to
prefer hotter surroundings reminiscent of a behavioral fever response to infection and which
was suggested by the authors to indicate that high temperature and thermoregulation could
adversely affect mycoses. Cicadas, as well, are endothermic insects (Sanborn, 2000; 2003)
that keep their body within a specific range of temperatures in order to promote and coor-
dinate reproductive activity (Heath, 1967; 1972). Interestingly, it has been shown that many
insects (both adult and immature) are able to maintain a body temperature higher than the
ambient one when subjected to direct solar radiation (Bryant et al., 2002).
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Abstract:  Social insects, belonging to the order Hymenoptera, maintain a fixed, optimal tempera-
ture in their nest. Thus, in social wasps and hornets, the optimal nest temperature is 29°C, despite
the fact that they are distributed in regions of varying climates both in the northern and southern
hemispheres of the globe. Since hornets and bees are relatively small insects, determination of their
own body temperature as well as that of their nest and the brood was made via thermometers or by
the use of infrared (IR) rays. It has been suggested that thermoregulation in social insect colonies
is effected primarily by the adult insects via muscle activation, that is, fluttering of their wings,
which can raise both their own and the ambient temperature by many degrees centigrade. However,
the larval brood can also contribute to the thermoregulation by acting as heat resources and thereby
raising the ambient temperature by 1-2°C. To this end, the adult hornets are endowed with a well-
developed musculature and their larvae, too, have muscles that enable them to move about. Not so
the hornet pupae which are enclosed in a silk envelope (the cocoon), with a rather thick silk cap
spun by the pupating larvae, and have rather undeveloped muscles. In the latter instance, it stands
to reason that the pupae benefit from the nest warming achieved primarily by the adult hornets, but
how is the information regarding their thermal needs relayed from them to the adults?

Previously we showed that the adult hornets are attracted to the pupae by pheromones released
by the latter, but such chemical compounds can only convey information of a general nature and we
are still left with the question as to how the adult hornet can gauge or ascertain the temperature of
a single insulated pupa. The present study provides evidence that the hornet pupa can indeed trans-
mit information regarding its body temperature via electrical means.

ORIENTAL HORNETS are social insects which live in nest of large colonies number-
ing up to several hundred adults as well as brood. The temperature in their nests is almost
constant and not influenced by the changes of the ambient temperature (Ishay and Ruttner
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1971, Guiglia 1972, Spradbery 1973, Edwards 1980, Matsuura and Yamane 1990). The
temperature of the individual hornet outside the nest changes in accordance with the am-
bient air temperature (Heinrich 1981). Thermal photographs of isolated hornets using in-
frared camera were taken by Litinetsky et al. (2001) and it was found that the temperature
of the hornet body parts was higher than the ambient temperature. However, later (Ishay
et al., 2003) it was found for the first time, that the temperature of certain parts of the cu-
ticle might be below the ambient temperature, and it was supposed that natural thermo-
electric heat pump was the mechanism which cooled the hornet body. The electrical
properties have been earlier investigated (Ishay et al. 1991, 1992, 1993, 1995, Ishay and
Litinetsky 1996, Kristianpoller et al. 1997) and it has been shown, that these properties
were similar to those of some organic semiconductors (Gutmann et al. 1983, Rowe 1995,
Tritt 1997, Aschcroft and Mermin 1976). Thermoelectric effect was, also, found in the
Oriental hornet cuticle (Shimony and Ishay 1981).

In earlier studies (Ishay and Ruttner 1971, Ishay 1973) we obtained visual evidence that
adult Oriental hornets warm their own pupae while inside their cocoons (Figure la) or
outside them by blowing on them warm air from their spiracles (Figure 1b), and even the
pupa of another species of Vespinae (Figure 1d); moreover, they also warm a comb con-
taining the egg-stage only (Figure 1c).

Earlier it was reported that the pupae are very sensitive to changes in temperature dur-
ing the pupal stage and that deviations in their optimal temperature is damaging to their
normal development and maturation (Ishay and Ruttner 1971). Pupae kept in conditions
of hypothermia or hyperthermia may develop as short living adults or as adults with mal-
formations — their wings and legs are damaged.

In all these instances, we established that the queen and the nursing worker hornets are
attracted to the brood (be it egg or pupa) by pheromones released by the latter. But how
do the attracted adults “know” how to warm the brood to optimal temperature? In the pre-
sent paper we will try to answer this question.

Materials and Methods

All measurements were carried out on live adult hornets and their brood combs originally
collected from nests in the field in the Tel-Aviv area during July—October by the method
used by Ishay (1964). A digital thermometer (Newtron TM-5007) with two thermocou-
ples (accuracy of 0.1°C) was used for temperature measurements. Measurements of volt-
age and current were made via a Keithley 617 electrometer connected to the computer.
We used special plane and point probes for measurements of the pupa properties. Electri-
cal and thermodynamic measurements were made in the dark. Thermodynamic recordings
were made in the thermostat. The rate of heating was 1°C/min, and that of cooling was
about 0.3°C/min. Schematic presentation of the methodology and sites used to measure
voltage, current and resistance levels are given in Figure 2.

Results

Various species of Vespinae are afflicted by the parasitoid Sphecophaga vesparum that
oviposits into vespan comb cells containing a larva about to pupate (Donovan 1991). At
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FIGURE 1. Photographs showing moments of interaction between adults and brood of social hor-
nets: a) adult hornets (Vespa crabro) warming the pupae in a brood comb. b) adult hornet (V.
crabro) warming a pupae extracted from its comb cell; the warming will proceed up to 29°C, which
is the optimal temperature in a hornet nest. Note that the adult warming hornet is touching with one
leg the head of the pupa (a) while with another leg (1) the ground, as if comparing their tempera-
ture. ¢) a hornet queen (V. orientalis) warming a brood comb. The open comb cell at center houses
an egg. d) adult wasps (Paravespula vulgaris) warming a pupa of Vespa crabro (at center); they will
do so till its complete maturation. e) part of a large brood comb of V. orientalis whose cells are pop-
ulated by brood prior to metamorphosis (1) as well as by brood post metamorphosis (p) which has
been parasitised by the ova of the parasitoid Specophaga vesparum. The silk cap has been me-
chanically removed from some of the puparia (sc), thus revealing only the heads of the developing
pupae. In the three cells designated by “s” we see the perforations in the pupal silk cap made by the
emerging parasites after their maturation within the pupae. f) after mechanical removal of the silk
caps from a cluster of brood comb cells, we can see cells harboring 3—6 parasitoids (p) each, with-
out the adult nursing hornets detecting their presence or finding the parasitised pupae defective.
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Electrode Connection

.1, 2- electrodes
3- silk cap
4« pupa
4.1~ head

4.2 -thorax
4.3 - gaster

5 - comb cell
6~ worker.

B  Hornet Pupa Head

Comp, Eyes

(_)lvpsus

1pramandible
Supr Mandihie

FIGURE 2. Schematic presentation of the methodology and sites used to measure electric parame-
ters in the hornet pupa (A a,b), a schema of an adult hornet warming a pupa (A c) and a drawing
of the points measured on a hornet’s pupa head (B). A) A,a — note that one electrode is affixed to
the head of the pupa (large arrow) and the other — to the inside of the silk cap (small arrow). A,b
— here one electrode is affixed to the head of the pupa and the other — to its gaster. A,c — the
stance assumed by a nursing worker while warming the pupa. B) the sites on the head of the pupa
to which one of the two electrodes was affixed.

the onset of pupation, when the pupating larva spins its silk weave, the eggs of the para-
sitoid, now underneath the silk cap, hatch, and the emerging parasitoid larvae feed on the
body fluids of the pupated vespan larva, but during this process, the head of the vespan
pupa is left intact and apparently continues to transmit (via the silk cap) to the nursing
worker hornets outside that ‘business is as usual’. The reader is referred to Figure le (in
this picture the cells are upside down relative to their natural position) where, on the left
side, one can see a cluster of cells housing larvae prior to pupation and to the immediate
right — cells housing pupae at various ages whose silk caps have been mechanically re-
moved. Note that all the pupal heads appear intact, even though in some of the pupae the
contents of the body proper (but not the head) have been eaten up (sucked) by the devel-
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oping parasitoids, part of which had already ecloded and left the cells, as apparent from
the perforations in the silk cap of the original vespan pupa (see Figure le(s)). When one
removes what remains from the ravaged pupae in the comb-cells effected by the para-
sitoids, one notices (Figure 1f) that in some of the cells the parasitoids have completed
their own pupation — with three to six parasitoid casings of pupae in each vespan comb
cell. Yet in each such cell, as mentioned earlier, the head of the vespan pupa remains in-
tact, almost till the complete development of the adult parasitoid, so that the nursing hor-
nets tend to these cells and warm them just as they do to all the other cells (Ishay,
unpublished observations). Our assumption here is that the cuticle on the head of the ves-
pan pupa (whose polarity is negative) generates the voltage detected and measured by us
(Table I) and it is this voltage, which enables the pupa to communicate via the silk cap
with the nursing worker hornets outside. The resistance values between various points on
the pupal head and the inner side of the silk cocoon are presented in Table II.

TABLE 1. Voltage values obtained between various sites on the pupal head and its gaster,

(n=6)
Tair = 24°C
Points of measurement on the pupal head,
Voltage (mV)

Specimen Mandible Supra Mandible Clypeus Frons Comp. Eyes
1 150 265 320 150 220
2 250 215 258 311 220
3 215 221 114 250 136
4 245 225 171 142 143
5 178 215 246 240 210
6 310 268 218 320 142
Mean 225 235 221 236 183
SD 26 23 33 34 42

These data show large variations between different individual specimens. However, in each specimen there is a
clearcut positive correlation between electrical measurements at different locations on the head.

TABLE II. Resistance values obtained between various sites on the pupal head and
the inner surface of the silk cocoon, (n = 3)

Tair = 24°C
Points of measurement, Resistance (Mohm)
Specimen Mandible Supra Mandible Clypeus Frons Comp. Eyes
1 3.30 3.57 3.28 3.81 2.80
2 4.20 4.20 5.35 545 4.09
3 1.20 1.15 1.15 1.00 1.05
Mean 2.90 2.97 3.26 3.42 2.65

SD 0.75 0.65 0.84 0.68 0.72
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In Figure 3 we show that both voltage and current measured in the pupal cuticle are
correlated with the temperature. Note that at a temperature lower than optimal (about
20°C), the obtained voltage and current values are lower than those found at 30°C (the op-
timal temperature in hornet brood combs is 29°C) (Ishay and Ruttner 1971).

As seen in Figure 4, the voltage in the silk cocoon cap increases with the deviation of
the temperature from its optimal value in either direction (n = 5). In Figure 5, one sees
that at optimal silk temperature, both the resistance and the voltage are minimal, while the
current is maximal, and that the farther away is the temperature from this value, the
greater are the resistance and voltage and the smaller is the current.
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FIGURE 3. Values of electric voltage and current measured between the head and gaster of a pupa
(as shown schematically in Figure 2A,b). These measurements were carried out on 3 different
pupae. The following three observations merit mention: 1) maximal values are attained in the vicin-
ity of the optimal temperature (in this case ~ 30°C); 2) at lower temperature (20°C), both the volt-
age and current are lower; 3) the cuticle of the pupa displays temperature dependent electrical
behavior that is similar to the behavior displayed by the cuticle of the adult hornet.
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= 0.8—1.0 mV/°C. This is a thermoelectric effect.
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Discussion

The finding presented herein suggests that it is imperative that the adult hornets, whether
in the natural nest or in the laboratory, warm the pupal brood, when this becomes neces-
sary. Pupae that are not warmed to optimal temperature are likely to die or eclode (matu-
rate) with malformations (Ishay and Ruttner 1971). This warming can transpire in two
situations. First, when one experimentally removes the pupa from its comb cell (Figure
1b) and there is direct contact between the warming worker and the cuticle of the ex-
tracted pupa, and secondly, in all the normal situations when the contact of the nursing
worker is rather with the silk cap of the pupa in situ. In the latter instance, the warming
process is lengthier because the silk cap transmits heat more slowly (Galushko et al. un-
published results) than pupal cuticle, but this is what takes place in the intact brood comb
cell, whether in the natural nest or in the laboratory (Figure la). The phenomenon of
extra-nestal warming of the pupae is not strictly intra-specific but can be also inter-spe-
cific and even inter-generic. Witness the situation depicted in Figure 1d, where workers of
Paravespula germanica are seen warming a pupa of Vespa crabro. Moreover, the worker
hornets may warm not only pupae but also other brood in the comb and even the entire
brood comb, as shown in Figure 1c. As for the Sphecophaga vesparum parasitoids that in-
vade the pupal cell, these apparently survive because they commence developing by im-
bibing the body fluids of the pupating hornet larva only after it has completed spinning its
silk weave; furthermore, they leave the head of the pupa intact and thereby probably pre-
vent the nursing working hornets from harming them, because the surviving head, we be-
lieve, sends the message of ‘business as usual’ and this via electric signals picked up by
the workers outside. Indeed on each of five randomly selected sites on the silk cap hous-
ing the pupal head, we measured about the same levels of voltage and resistance (Tables
I and II).

Upon change in the pupal temperature (from about 30°C down to 20°C) there is change
in the voltage and current, and apparently this is what the nursing workers detect, whether
through a membrane (the silk cap) or through direct contact with the pupal head (Figure
3). Thus, the pupal cuticle displays the properties of a thermoelectric material, just as does
adult cuticle and vespan silk (Kirshboim and Ishay 2000, Sverdlov et al. 2000). In fact,
all of these biological tissues behave like organic semiconductors (Gutmann et al. 1983).
Measurements of the voltage (AV) across the thickness of the silk cap versus the temper-
ature difference (AT) across that cap revealed that the further is the temperature from op-
timal, the greater is the voltage (Figure 4). The sign of AV is the same as the sign of AT
and they are roughly proportional to each other: this is thermoelectric effect. Additionally
there were in fact changes in the current and resistance as well, all of which could be
summed up as follows: at optimal temperature (29°C) the silk cap current was maximal,
while the voltage and resistance were minimal, and this pattern changed with changes of
temperature in both directions away from the optimal temperature (Figure 5). Our bottom-
line conclusion is that hornets, whether as adults or as pupae, produce in or educe from
their cuticle electrical parameters. In the case of the pupa, any thermal change occurring
in its head within the silk cap or its cuticle outside the silk weave triggers a ‘call for help’,
alerting any adult hornet in the vicinity, be it of the same or different vespan species. This
call for help from afar is probably effected via released pupal pheromones, but once help
arrives in the form of an adult hornet, electrical parameters on the body of the pupa ‘in-
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struct’ the latter as to what treatment is required, which is usually warming, i.e., electri-
cal parameters produced by the pupae are understood by the adults touching them. This
is how they communicate!

The process of warming (or cooling) of the pupa by a worker hornet may be deemed
reminiscent of an automatic control system. Variants of such systems, corresponding to
two of our situations, are shown in Figure 6. Figure 6a depicts warming of the pupa in the
comb achieved via the cocoon silk cap, and Figure 6b — warming by direct contact be-
tween the hornet and the pupa. In the situation shown in Figure 6a, the operative mecha-
nism is the heat flow achieved by the thermal conductivity of the cocoon silk at nonzero
temperature difference (AT). Here two informational signals control the process, namely:
a temperature difference (AT), which affects the rate of warming (i.e., magnitude of the

A
T, AT=T1-T2 T2
Heat flow
Worker hornet — Pupa
Cocoon silk
cap
V] VI
AV=V -V, &
B
T, T
AT=T,-T;
Worker hornet T Pupa
Heat flow
V; Vz
AV-‘—'V;-V;_
«

FIGURE 6. Scheme of the interaction between the adult nursing hornet and the pupa during the
warming process of the latter.
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heat flow), and the voltage across the cocoon silk (AV), which determines the duration of
the process. Electrophysical properties of the cocoon silk determine the relationship be-
tween these two signals. In the case of warming of the pupa outside its comb cell (Figure
6b) the value of the heat flow depends on the temperature difference between the adult
hornet and the pupa and on the thermoresistance at the interface of their cuticles. The sec-
ond information signal is produced here because of the temperature dependence of the
spontaneous voltage on the cuticle (see Figure 3 A-F).

In order to sense the electric voltage and/or current produced by the pupa, the worker
hornet must make electrical connections with the pupa at two points. We do not know
whether this is achieved by using either the legs or the antennae or both as probes. In the
case of extracted pupa, it is clear how this can be done — see Figure 1b. In the case of a
normally encased pupa, this can be made by one or more probes on the surface of the silk
cap, from the one side and the other on a nearly wall of the pupa cell (Figure 7).

AVh

Rsw

FIGURE 7. Scheme of electrical interaction between hornet and pupa upon warming. When ATsilk
= 0 then AVsilk = 0 (see Fig. 4) and then AVh = 0 and “call for help” is not produced.

AVh — voltage difference between the legs or the antennae or leg and antennae of the hornet used
as probes when it warms the pupa

AVsilk — voltage difference across pupal silk which is dependent on temperature difference across
the pupal silk

Rsc — resistance of the silk pupa cap

Rin — resistance between inner side of the silk cap and the silk wall

Rsw — resistance of the silk wall

Rh — resistance between “probes of the hornet”
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Abstract: At equilibrium, the concentration ratio of poly(ethylene gycol) (PEG-4000) in a dialy-
sis sac containing a 35.1% solution of native bovine hemoglobin over that in the external solution
is 0.196 + 0.028 (mean + SD). This apparent equilibrium distribution constant or p-value of 0.196,
when viewed side-by-side with the near-equal distribution of sucrose and raffinose in similar native-
hemoglobin dominated water suggests all (rather than 80%) of the water in this solution has been
altered by the native hemoglobin and is no longer free liquid water. Based on Ling’s equation for
solute exclusion, we found that an excess of water-to-water interaction energy of a mere 4.25
cal/mole could account for both the observed exclusion of PEG-4000 and non-exclusion of sucrose
and raffinose. Finally, the long-range action of (even this relatively inactive) native hemoglobin on
the dynamic water structure was compared with the exclusion of coated latex microspheres from the
altered water 100 um from the surface of polyvinylalcohol gel (Zheng and Pollack) — in the light
of Ling’s new theory of ad infinitum water polarization-orientation (under idealized conditions) first
publicized at the Gordon Research Conference on “Interfacial Water in Cell Biology” on the cam-
pus of the Mount Holyoke College in June 2004.

WATER, PROTEINS and K" are the primary ingredients of the basic unit of all life —
the living cell. As a rule, each living cell spends its life in an aqueous environment rich in
Na* but poor in K*. In the traditional membrane-pump theory, this asymmetric distribu-
tion of K* and Na* is maintained by the ceaseless activity of postulated pumps located in
the cell membrane. This membrane (Na*) pump theory is still widely taught as truth at all
levels of education, although it has been thoroughly disproved long ago (Ling 2001).
Among many contradictory evidence, the simplest and the most unequivocal is that the
minimum energy needed to operate the sodium pump far exceeds the total energy avail-
able (Ling 1962; 1997).

In an alternative (unifying) theory of the living cell, known as the association-induction
hypothesis (Al Hypothesis), the segregation of the two ions is the combined consequences



144 LING and HU

of two causes: (1) low solvency of the bulk of cell water for Na* (and K*); (2) preferen-
tial adsorption of K* (over Na*) on the -, and y-carboxyl groups of intracellular proteins
(Ling 1951; 1952; 1962; 1965; 1969; 1977; 1988; 1992, pp. 160-201; see also Troshin
1966).

The Polarized-Oriented Multilayer Theory of Cell Water, or PM theory, is a subsidiary
of the AI Hypothesis (Ling 1965; 1972 pp. 663-700; 1984, pp. 163-181; 1992 pp.
69-110; 2004; 2005). In the PM theory, all or virtually all cell water assumes the dynamic
structure of polarized-oriented multilayers — in consequence of direct or indirect inter-
action with parallel arrays of exposed NHCO groups of fully-extended (segments of)
intracellular protein(s) (Ling 1965; 1972).

Instantly, the PM theory has offered a theoretical mechanism for one of the most basic
manifestation of life phenomenon. That is, as a rule, a large amount of water exists in liv-
ing cells. As of today, the PM theory is the only known theory that can explain and/or
obeys — indeed, fits like hand and glove (i) the specificity of water content to each cell
type, (ii) the law of conservation of energy and (iii) the inextractibility of cell water by
centrifugation at 1000 g. after surgical ablation of a part of the cell membrane — which
does not regenerate (Ling 2005).

Historically speaking, however, the PM theory was introduced in 1965 with its focus
on explaining the low concentration of Na* in cell water (Ling 1965). Twenty eight years
later, a general and quantitative theory of solute distribution in cell water and model sys-
tems was introduced (Ling 1993). An important principle that came from this theory is the
“size rule.” That is, other things being the same, the larger the solute size, the lower its
(true) equilibrium distribution coefficient or g-value.

Aiding greatly in the testing and developing the PM theory of cell water were two
classes of experimental models, called respectively extroverts and introverts (Ling 1992,
p- 107). Extroverts include gelatin and various denatured proteins, each containing a
major part of its polypeptide chains in the fully extended conformation. As a result, their
backbone NHCO groups are directly exposed to the bulk-phase water. Other extroverts
include linear polymers carrying properly spaced oxygen or nitrogen atoms (bearing un-
shared lone-pair electrons). Examples are poly(ethylene oxide) (PEO), polyvinylpyrroli-
done (PVP) and polyvinylmethylether (PVME) (Ling et al. 1980; 1980a).

In theory, water under the influence of suitable concentrations of extrovert agents
should exhibit properties akin to those of water in living cells. Worldwide testing proved
that, within the confines of what has been tested so far, they do (for summary see Ling
1992, Table 5.5, p. 108—109). Introvert models include most of what are conventionally
called native proteins — usually obtainable from biochemical supply stores in a bottle.
The majority of (but not all, see below) the peptide CO and NH groups in these so-called
native proteins are locked in o-helical and other macromolecular H-bonds. In these folded
or otherwise tethered conformations, these backbone NHCO groups are, in theory, less
able or unable to alter the physical properties of the bulk-phase water. Experimental stud-
ies support this expectation (Ling et al. 1980a; 1980b).

The research presented in this article centers on what is known as the apparent equi-
librium distribution of the polymer, poly(ethylene glycol). With a molecular weight of
4000 daltons, this large polymer is also known by its short name PEG-4000 (for defini-
tion of the p-value, see below). Historically, this study began as a part of our broader in-
vestigation on the size-dependent solvency of various solutes in the cell water and in
model systems (Ling and Hu 1988). However, we did not fully complete our PEG-4000



SOLVENCY OF WATER IN NATIVE HEMOGLOBIN SOLUTION 145

study until very late. Once completed, we realized that the insight the PEG-4000 study re-
vealed went beyond our original aim. It was then that we decided to write a separate
paper. This communication is the result.

Materials and Methods

Bovine hemoglobin (about 75% methemoglobin and 25% oxyhemoglobin) (Lot 112F-
9300) was purchased from Sigma Chemical Corp, St. Louis, Mo. So was poly(ethylene
glycol) with a molecular weight of 3300 (Catalog No. P-3640, Lot 16F-0477). Labeled
polyethylene glycol-4000, *H-PEG-4000, Lot 2109-295 was obtained from Du Pont (for-
merly New England Nuclear, Boston). Its average molecular weight given was 4000 daltons.

The basic procedure used was the equilibrium dialysis method earlier described (Ling
and Hu 1988). However, instead of following the standard procedure of measuring only
the uptake of a radioactively labeled solute by the protein solution inside a dialysis sac,
in the present study we did it two ways. In one, the radioactively labeled PEG was added
initially to the solution outside the sac; in the other set, the labeled PEG was added to the
solution inside the sac. The purpose of this dual approach was to remove any uncertainty
on the time it took for diffusion equilibrium of the labeled PEG to be attained. The exact
knowledge on the time for the attainment of diffusion equilibrium in turn assures the ac-
curacy of the apparent equilibrium distribution coefficient (or p-value) of the probe mol-
ecule obtained. For the p-value of an extraordinarily large and thus slow-moving probe
molecule like PEG-4000, this extra effort was essential.

It should be made clear here that the p-value of a solute could only be equal to or larger
than the true equilibrium distribution coefficient (or g-value). While the g-value refers ex-
clusively to free PEG (or other probe solute) in the water of the living cell or the water in
the dialysis-sac content, the p-value may include PEG bound in one way or another to the
macromolecules in the cell or the dialysis sac.

Solution A was a 40% (w/v) solution of bovine hemoglobin dissolved in a solution
called Solution B. Solution B contained 0.4 M NaCl; 0.01% penicillin G, sodium; 0.01%
streptomycin sulfate; 0.01% thymol and 5% (w/v) polyethylene glycol (approximately
12.5 mM, calculated on the basis of the nominal molecular weight of 4000 for the labeled
PEG-4000, see below). In a preceding paper, Ling and Hu (1988) have shown that this
combination of antibiotics and thymol was able to check completely the growth of bacte-
ria even at 25°C. The low temperature (0°C) of this study further insured the sterility of
the system under study.

To each of four 100-ml screw-cap tubes was added 50-ml aliquots of Solution B and
four small sacs of Spectra Por 2 dialysis tubing (diameter 6.4 mm, with molecular cut-off
at 12,000 to 14,000) containing 1.2 ml.of Solution A (for details of procedure used in fill-
ing and tying these sacs, see Ling and Hu 1988, p. 294). A 0.005-ml aliquot of radioac-
tively labeled H*-poly(ethylene glycol)-4000, containing 500 micro-curie of radioactivity
per ml, was added to the solution outside the sacs in two of the four screw-cap tubes. Sim-
ilar 0.005-ml aliquots of the same radioactive solution were added to the inside of the
dialysis sacs of two other screw-cap tubes. Each capped tube was covered completely in
at least one layer of thin paraffin film (Parafilm, Fisher Scientific). The tubes were im-
mersed horizontally in a constant temperature bath kept at 0°C and shaken at the rate of
20 excursions per minute, each excursion covering a distance of one inch.
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At various time intervals, ranging from one to four day(s), one dialysis sac from each
of the four screw-cap tubes was taken out, and aliquots of its content assayed for their
water contents and radioactivity. Briefly, each sample removed was divided into two por-
tions. One portion was weighed, dried in an oven at 105°C for 48 hours and weighted
again to determine the water and solid content. The other portion was transferred to a pre-
weighed 15 ml-graduated centrifuge tube and the assembly weighed to determine the
sample weight. 2.0 ml of 0.3 M LiOH solution was then added to each of these centrifuge
tubes. In this alkaline medium, the dried samples were fully dissolved after overnight in-
cubation. 2.0 ml. of 0.6 M trichloroacetic acid (TCA) was then added to each tube, mixed
thoroughly with the LiOH extract before centrifugation. Aliquots of the clear supernatant
solution (0.50 ml) were mixed with Bray’s scintillation fluid before counting on a Packard
v-Scintillation Counter (Bray 1960). Samples of the initial and final bathing solutions
were similarly diluted with LiOH-TCA mixture and Bray’s scintillation fluid before as-
saying for radioactivity.

To achieve the highest accuracy possible, we counted all samples three times before
and after the addition with a Hamilton micro-pipet of the same volume of a radioactive
SH-bearing solution — containing at least five times more radioactivity than the experi-
mental sample. The large increments in counts allowed us to determine precisely the
counting efficiency of each individual sample and its bathing solution, and to apply the
individual counting efficiency corrections to each sample set.

Results

Somewhere between the 8th day and 12th day of incubation at 0°C, diffusion equilibrium
was reached between labeled PEG-4000 inside and outside the dialysis sacs. This is indi-
cated in Figure 1 and Table I by the attainment of the same levels of radioactivity in the
sacs where the radioactivity was initially added to the inside and to the outside of the
dialysis sac. The numbers, 0.637, 0.632 etc. in parentheses refer to percentage water con-
tent of the sac content in each specific sample.

Now, the ordinate of Figure 1 represents the ratio of the concentration of PEG-4000 in
the dialysis sac over that in the bathing fluid. This ratio becomes the apparent equilibrium
distribution coefficient or p-value toward the end of the time-course study when diffusion
equilibrium of the labeled PEG-4000 has been reached. From the p-values obtained on the
12th day from both sets of values, we obtained an average p-value for the labeled PEG-
4000 of 0.196 + 0.028 (mean * S.D).

The water content of the solutions inside the sacs on the 12th day was 63.9% + 0.36%.
By difference, the final concentration of native hemoglobin in the sacs was 36.1%. This
percentage is close to the concentration (34%) of hemoglobin in most mammalian red
blood cells (Ponder 1971, p. 117; Ling 2005).

Discussion and Conclusion
1. How much bulk-phase water was altered by the 36.1% native hemoglobin?

The study described above shows that the p-value of PEG-4000 in the 36.1% hemo-
globin solution is 0.196. Since 1.000 — 0.196 = 0.804, 80.4% of the water in the dialysis
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FIGURE 1. The time course of change of the concentration of radioactively labeled poly(ethylene
glycol) or PEG-4000 inside a dialysis bag initially containing 40% (w/v) native bovine hemoglobin.
The set of data represented by circles came from an experiment in which the radioactively labeled
PEG-4000 was added to the inside of the dialysis sac containing the protein. The set of data repre-
sented by triangles came from experiments in which the labeled PEG-4000 was added to the out-
side bathing solution. Dotted line indicates equal concentration of labeled PEG-4000 inside and
outside the dialysis bag. Full diffusion equilibrium was attained when the radioactivity of labeled
PEG-4000 represented by the circles and that by the triangles reached the same level. The ratio of
the labeled PEG-4000 concentration at and after that time represents the apparent equilibrium dis-
tribution coefficient or p-value of PEG-4000 in the bulk-phase water dominated by the native bovine
hemoglobin at 0°C. Numerical data are given in Table L.

TABLE I. Time course of equilibration of labeled PEG-4000 in solution of native hemoglobin.

PEG-Distribution Ratio (Conc. in Sac/External Conc.)

Incubation time (days) 1 5 8 12
Tracer added outside 0.161 (0.637) 0.202 (0.630) 0.185 (0.628 0.185 (0.642)
0.130 (0.632) 0.170 (0.629) 0.176 (0.641)
Tracer added inside 4.599 (0.636) 0.562 (0.636) 0.240 (0.634) 0.238 (0.640)
4.553 (0.632) 0.661 (0.628) 0.221 (0.633) 0.186 (0.634)
Mean = S.D. 0.196 + 0.028

(0.639 + 0.0036)

Number in parenthesis refers to the water content of the content of the sac yielding the PEG distribution ratio
in front of it. Mean and S.D. in the last row is the final p-value of PEG-4000 in the hemoglobin solution.
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sac appears to have lost its normal solvency for PEG-4000 in consequence of the presence
of the hemoglobin. However, this seemingly reasonable quantitative assessment rests
upon a rather unlikely assumption. That is, hemoglobin has separated the bulk phase
water into two drastically different fractions. One fraction, 80% in quantity, has zero sol-
vency for PEG-4000; the other 20% has 100% full solvency for PEG-4000.

Now, if the 36.1% native hemoglobin has indeed transformed the bulk phase water into
these dramatically different fractions, one should be able to confirm their existence with
other probe molecules. That, however, is not true.

Ling and Hu have shown earlier that in a solution containing native hemoglobin at an
even higher concentration (39%), sucrose (molar volume, 342 cc) and raffinose (molar
volume, 504 cc) show g-values of 0.976 and 0. 971 respectively (Ling and Hu 1988).
These near-unity g-values indicate a basic homogeneity of the bulk-phase water in the na-
tive hemoglobin solution studied. The presence of 36-39% native hemoglobin does not
separate the bulk phase water into two diametrically different fractions.

That being the case, the challenging question has shifted. It is now “Why does the same
bulk-phase water of a 36 to 39% native hemoglobin solution behave like perfectly normal
liquid water to sucrose and raffinose but keeps out PEG-4000 from most of it? To give a
meaningful answer, we need a quantitative theory. Ling’s PM theory of solute exclusion
is the one of choice as we know of no other alternatives.

Very succinctly, the answer lies in the “size rule” mentioned above. Namely, the g-value
decreases with increasing molecular size. Sucrose and raffinose exhibit much higher
g-values while PEG-4000 exhibits a much lower one, because sucrose and raffinose are
roughly ten times smaller than PEG-4000. In the next section, we will go a little deeper
into the how’s and why’s.

2. Ling’s quantitative theory of solute distribution — as summarized in his equation
of the g-value

In 1993 Ling presented an equation of the g-values of solutes of different size in water
polarized-oriented to different levels of intensity (Ling 1993; Ling et al. 1993). This
equation is reproduced in full in Appendix 1 at the end of this article. In this Equation of
solute distribution, the g-value of a solute in (polarized-oriented) water is largely charac-
terized by two parameters: AE, and AE,. For the sake of simplicity, we have omitted from
separate consideration the entropy contribution to the g-value. Instead, we consider that
the entropy contribution has been incorporated into AE,. (See Equation 26 on p. 157 in
Ling 1993).

Now, AE,, the specific solvent polarization energy is in units of cal per mole per cm?;
it measures the difference in the energy spent in excavating a hole in the polarized-ori-
ented water (to accommodate the probe solute) and the energy recovered in filling up the
hole left behind (by the probe solute) in the normal liquid water of the source solution.
On the other hand, AE,, the specific surface polarization energy is in units of cal per mole
per cm?; it measures the difference between the interaction energy of the surface of the
solute with the surrounding polarized-oriented water and that with the normal liquid water
of the source solution. At a specific temperature, it is the algebraic sum of the product of
molar volume v of the solute and AE, and the product of the surface area of the solute
(expressed as a function of v) and AE, that determines the g-value of each solute. For sim-
plicity, Figure 2 shows the g-value due to the action of the volume factor only.
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FIGURE 2. The theoretical volume (or solvent) component of the equilibrium distribution coeffi-
cient (q,) for solutes of different molecular volume in water polarized at different intensity (See
Equation A3 in Appendix 1.) The intensity of water polarization due to the volume component of
the polarization energy is given as the specific solvent polarization energy, AE,. The specific value of
AE, in units of RT per cm® is indicated by the letter near each curve, where a represents 0.0002; b,
0.0005; ¢, 0.001; d, 0.002; e, 0.005; f, 0.01; g, 0.02; h, 0.03; i, 0.05. R is the gas constant and T the
absolute temperature. At room temperature (25°C), RT is equal to 592 cal./mole. (From Ling 1993)

The ordinate of Figure 2 represents the logarithm of the g-value; the abscissa represents
the logarithm of the molecular volumes in units of cm’or cc. As examples, the molecular
volume of water is 18.02 cc, while that of PEG 4000 is 4000 cc.

The small letters a, b, ¢ etc near each of the curves in Figure 2 indicate the value of AE,
used in computing that specific curve and the AE, is given in units of RT, where R is the
gas constant and T, the absolute temperature. At room temperature, RT equals 592
cal/mole. Thus, the curve marked with the letter standing for 0.0002 indicates a AE, of
0.0002 x 592 = 0.118 cal/mole/cal.

Assuming that the p-value of PEG-4000 obtained (0.196) is equal to its g-value, we can
draw a horizontal straight line across Figure 2 at that gq-value and a vertical straight line
at a molecular volume of 4000cc. The point of intersection of these two straight lines
gives us an approximate estimate of the AE, of the bulk phase water in the 36.1% hemo-
globin solution studied, namely, 0.0004 RT or 0.236 cal/mole/cc. Multiply this figure by
the molar volume of water, 18.02 we obtain a volume contribution of the exclusion in-
tensity, U, (which includes an entropy contribution assumed to be included in the AE,
adopted and not explicitly mentioned) of 4.25 cal/mole. The predicted g-value of sucrose
and raffinose on the basis of the AE, of 0.236 value and their respective molar volumes
are roughly 0.9 and 0.85 to be compared with the experimentally determined values of
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0.976 and 0.971 respectively. Because these estimates were made on the basis of the
volume contribution only, the agreement must be considered satisfactory.

Thus, Ling’s equation of solute distribution in polarized-oriented water can adequately
explain at once the low p-value of PEG-4000 and high g-values of sucrose and raffinose
in an aqueous solution dominated by 36.1% native hemoglobin. And, despite the fact that
native hemoglobin like other native proteins in general, is a weak introvert model.

Now, according to the PM theory, (store-bought) native proteins in general fall into the
category of weak introverts. (Store-bought) native hemoglobin is no exception. On the
other hand, when proteins are made to unfold into a more fully-extended conformation
such as by exposure to denaturants like NaOH, they become extroverts. Experimental
studies have fully confirmed this.

A parallel study on the g-values of similar family of probe molecules including sucrose
and raffinose yielded a 9l,, of 16.5 cal/mole of water, which is almost four times higher
than the 9L, of 4.25 cal/mole of native hemoglobin (Ling 1993, Table 1 on p. 164) even
though the hemoglobin concentration of the NaOH-denatured preparation used was only
20% rather than 36.1% as in the native hemoglobin solution studied here.

3. The much larger amount of water altered than literature values and reconciliation

Hemoglobin makes up 97% of mammalian red cell proteins (Ling et al. 1984). There
is no known reason to question that this protein plays a correspondingly dominant role in
causing the water in red blood cells to exhibit properties different from those of normal
liquid water. The fact that even in its folded introvert conformation, it still possess the
power to alter all the bulk phase water shows that the difference between the influence of
a relatively weak introvert model (native hemoglobin) and a much more powerful extro-
vert model (e.g., NaOH denatured hemoglobin) does not lie in the reach of the influence
of the bulk phase water but in the intensity of water-to-water interaction energy of all the
water present. This, in fact, is a facet of the PM theory not clearly expressed until 1993
when the quantitative theory of solute exclusion was presented (Ling 1993). Its con-
firmation coming from the study of the ineffective introvert model is at once exciting and
intriguing.

However, the present finding that all the water in a 36.1% native hemoglobin solution
is altered also tells us that each gram of native hemoglobin has altered the property of all
(1 =0.361) =0. 639 grams of water equivalent to 1.77 grams of water altered by one gram
of native hemoglobin. How does this compare with figures from other studies on similar
native hemoglobin in the literature?

In a review Ling (1972) showed that using a total of six different methods, experts in
this field had provided data yielding an average of only 0.25 grams of hydration water per
gram of dry native hemoglobin. This is seven times lower than the 1.77 g/g value from
the present study. Nonetheless, this divergence does not indicate real conflict.

The explanation we offer for this sharp contrast is this. To begin, we are not dealing
with a fixed amount of altered water in a unit volume of total water and accordingly every
competent investigator using a competent method would arrive at the same percentage fig-
ure of protein-altered water. Rather, each method could have measured a different portion
of the protein-altered water. Indeed, as pointed out by Ling recently (Ling 2003) it is pos-
sible that a majority of the older methods used to measure hemoglobin hydration in fact
measures the fraction of water tightly bound to polar side chains. In contrast, solvency
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probes like PEG-4000 measure all, or close to all, water in the protein solution (Ling
2004).

4. What part(s) of the native hemoglobin molecules polarize water weakly but still
extensively?

The polypeptide chains of store-bought “native” hemoglobin exist largely in the folded
o-helical conformation. Yet data shown in Figure 1 and Table I clearly demonstrate that
even with most of its backbone NHCO groups locked in intra-macromolecular H bonds,
this native hemoglobin at a concentration of 36% still can exercise a long-range water-
polarizing power on all the bulk phase water present. What part(s) of the “native” hemo-
globin molecule participate in this long-range alteration of the bulk of surrounding water?

The part of a protein molecule that potentially could influence the surrounding water
can be put into three categories. They are respectively (i) the o-helically-folded polypep-
tide backbone; (ii) polar side chains and (iii) segments of fully-extended polypeptide
chains with their NHCO groups directly exposed to the bulk phase water. Our best guess
at this time is that in the order of decreasing effectivess, the categories fall in the order:
(>iii) > (i) > ().

But before entering into the details, it would be helpful to take a backward glance at a
figure that Ling presented in his 1972 review and is reproduced here as Figure 3. The dif-
ferent figures labeled a to f in Figure 3 illustrate how the spatial distribution of negatively
charged N sites, positively charged P sites and sites bearing no charges (called O sites)
determine the depth of layers of water or other polar molecules. A checkerboard of alter-
nating N and P sites at proper distance apart is called an NP systems (c,d). They and their
equivalent checkerboard of P and O sites or N and O sites respectively called PO and NO
systems (e,f) are theoretically capable of polarizing and orienting deep layers of water
molecules. So are parallel arrays of linear chains carrying alternatingly N and P sites etc.
with similar power. In contrast, a checkerboard of all P sites or all N sites (a,b) is not able
in theory to achieve multilayer polarization and orientation of water molecules because
water dipoles oriented in the same direction strongly repel each other. With these guide-
lines in mind, we now can proceed to take a deeper look into each of the three types of
potential polarizing-orienting sites mentioned above under (i), (ii) and (iii).

Let us begin with a piece of evidence that argues against the idea that o-helically-
folded polypeptide chains could polarize and orient multlayers of bulk-phase water. Doty
and Gratzer (1962) demonstrated long ago that a block polymer of poly-L-alanine (130
residues) when sandwiched between two water soluble-block polymers of D- and
L-glutamic acids (each with 200 residues), remain in the fully folded and water insoluble
form even at a temperature as high as 95°C or in the presence of 8 M urea. That total in-
solubility in water demonstrates that the potentially water-interacting polar NH and CO
groups have lost their ability to interact with bulk-phase water when they form o-helical
folds.

There are three main types of polar side chains. They are the (1) anionic o-, B- and
v-carboxylate groups, (2) the cationic e-amino and guanidyl groups and (3) the hydroxyl
groups of serine, threonine and histidine. No doubt that some polar side chains can exer-
cise some influences on some surrounding water especially the hydroxyl groups. But there
are overwhelming evidence that every o-, B- and y-carboxylate group as well as every
e-amino and guanidyl group in native hemoglobin are locked in what is known as salt
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FIGURE. 3. Diagrammatic illustration of the way that individual ions (a) and checkerboards of
evenly distributed positively charged P sites alone (b) or negatively charged N sites alone (c) po-
larize and orient water molecules in immediate contact and farther away. Emphasis was, however,
on uniformly distanced bipolar surfaces containing alternatingly positive (P) and negative (N) sites
called an NP surface (d). When two juxtaposed NP surfaces are facing one another, the system is
called an NP-NP system. If one type of charged sites is replaced with vacant sites, the system would
be referred to as PO or NO surface (e). Juxtaposed NO or PO surfaces constitutes respectively an
PO-PO system or NO-NO system. Not shown here is the NP-NP-NP system comprising parallel ar-
rays of linear chains carrying properly distanced alternating N and P sites. (From Ling 1972
reprinted with permission of John Wiley & Sons, Inc.)
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linkages (See Steinhardt and Zaiser 1955; Edsall and Wyman 1958, p. 539; Ling and
Zhang 1984). Being as a whole electrically neutral, polar groups locked in salt linkages
are less prone to interact with surrounding water.

Going back to Figure 3, we may say that if these positively charged and negatively
charged groups are arranged in an order like that shown in Figure 3c and d, they would
end up neutralizing each other by forming salt linkage pairs. Like the NHCO groups
locked in o-helices, they are neutral and ineffective. On the other hand, if they stay in
groups of all negative or all positive, they would fall into the category of Figure 3a and b,
and thus also be ineffective. However, this set of prohibiting rules does not apply to the
hydroxyl groups. A hydroxyl group has both a proton accepting site and a proton-donating
site. An array of stretches of all OH groups may find itself functioning like chains of the
fully extended protein backbone NHCO. And, as such, achieve long-range water polari-
zation and orientation. However, an examination of known primary structure of proteins
does not reveal large stretches of hydroxyl bearing serine, threonine and tyrosine in close
proximity, so the greatest potentially effective NPNPNP system remains parallel arrays of
fully-extended NHCO groups of the polypeptide chains.

Now, many workers in this field of study believe that about 75% of the polypeptide
chains of native hemoglobin exist in the o-helical conformation (See Weissbluth 1974,
p- 20). To this must be added the other non-water polarizing segments of the hemoglobin
chains engaged in the B-pleated sheet conformation. All in all, they set an upper limit to
the percentage of fully-extended segments at less than 25%. Next, we would like to take
into consideration factors that would raise the percentage of fully extended polypeptide
linkages in native hemoglobin to higher than below 25%.

Accurate determination of the fine structures of proteins relies heavily on X-ray stud-
ies and X-ray studies can only be carried out on proteins when their constituent atoms
remain sufficiently stationary to be photographed, i.e., in a crystalline state. To induce a
dissolved hemoglobin (and other proteins) to crystallize, a common procedure is to add a
great deal of innocuous salts to a concentrated hemoglobin solution in order to reduce the
activity of surrounding water. By the Le Chatelier Principle the protein is driven to adopt
the crystalline conformation that X-ray crystallography can investigate with precision.
One must remember that it was this type of X-ray investigation that gave us the 75% fig-
ure for the percentage in the o-helical conformation.

All this points out that in the 36% native hemoglobin solution, the percentage of the
hemoglobin’s peptide bonds engaged in «-helical conformation may be less than the
widely-accepted 75% figure. And, as a result, the total percentage of coils, turns and other
segments of exposed NHCO groups may be equal to or even higher than 25%.

5. Are multilayers of water polarized and oriented in a 36 % solution of native hemo-
globin?

We know that all the bulk-phase water in a 36% native hemoglobin solution has lost on
the average 80% of its normal solvency for PEG-4000. We now want to find out if this
observed fact is in harmony with the notion that here also multilayers of water had been
altered by the native hemoglobin.

First, we must find out how many moles of water there are in a 36% hemoglobin solu-
tion. To do that, we need to know what is the volume of the hemoglobin in a 36% solu-
tion. Most proteins have a partial specific volume of 0.70 to 0.75 cc per gram (Edsall
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1953, p. 563). For safety, we adopt the larger figure of 0.75 and find out that in a liter of
the 36% hemoglobin solution, 360 x 0.75 = 270 milliliters are taken up by the protein.
The remaining volume of 730 ml is occupied by water. Assuming a specific gravity of
unity for the water, 730 ml of water is equivalent to 730 / 18.02 = 40.5 moles of water
molecules. Since the p-value of PEG-4000 is 0.196, of the 40.5 moles of water in one liter
of the protein solution, at a minimum 40.5 X (1 — 0.196) = 32.6 moles is altered by the
presence of the native hemoglobin.

The average amino acid residue weight in many proteins is estimated to be 112 (Ling
1962, p. 48). Dividing this number into the weight of hemoglobin in a liter of 36% hemo-
globin solution would yield the maximum number of amino-acid residues and hence also
the approximate number of polypeptide NHCO groups in the 36% hemoglobin solution.
And, this equals 360/ 112 = 3.21 moles of NHCO groups per liter of the protein solution.

Now, each free NH group forms a H-bond with one water molecule; each CO groups
can form H-bonds with two water molecules. Thus the first layer of water molecules
acted on by each NHCO group is three. Each of these three water molecules can in turn
form H-bonds with three water molecules, thereby providing a total of nine water-
adsorbing “sites.”

Let us start out from an exaggerated estimate and assume that 50% of the polypeptide
chains exist in the fully-extended conformation. The number of water molecules affected
by each of these exposed NHCO groups would be 32.6 / (0.5 x 3.21) = 20.2 water mole-
cules. This would be enough to cover the first layer (3), the second layer (9) and still have
20.2 — (3 + 9) = 8.2 water molecules to fill up a third layer of affected water molecules.
There is then no question that our data of PEG-4000 exclusion by a 36% bovine hemo-
globin solution has demonstrated that at this concentration, multiple layers of water have
lost their normal solvency for PEG-4000.

However, the assumption that 50% of the polypeptide NHCO groups of native hemo-
globin exist in the fully-extended conformation is far too high. Half of that, or 25% may
be closer to what one may say to be reasonble. With the 25% figure, the number of water
molecules affected by each NHCO group would rise to 32.6/ (0.25 x 3.21) = 40.4 water
molecules. Subtracting 3 molecules in the first layer, 9 in the second layer, and 27 in the
third layer, we still have a few left to begin yet another layer.

With fully three or even more layers of water affected by each exposed NHCO groups,
the number of layers of affected water molecules between adjacent protein chains would
be six or more layers deep.

6. The recent theoretical breakthrough in the long-range dynamical water structuring
and its wide significance for both the study of the inanimate world and the living

In 1965 Ling first introduced what is now called the Polarized-Oriented Multilayer
(PM) Theory of Cell Water. It is a subsidiary of his unifying theory of cell and sub-
cellular physiology, the association-induction (AI) hypothesis introduced three years ear-
lier (Ling 1962; 1965). Although worldwide experimental confirmation of the AI
Hypothesis in general and the PM theory in particular has been uniformly affirmative, its
broad acceptance has been unbelievably slow to say the least. The major cause of this is
political (See Ling 1997). Nonetheless, there are also some legitimate reasons for the
slowness in response. That is, the long range dynamical water structuring, until very re-
cently, lacked a solid theoretical foundation.
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That gas and water vapor can gather in deep layers has been known for a long time (See
McBain 1932; Henniker 1949). Within a ten year period between 1929 and 1938, no less
than four sets of rigorously derived theoretical treatments were presented — by some of
the most outstanding physicists of the time (deBoer and Zwikker 1929; Bradley 1936,
1936a; Brunauer, Emmett and Teller 1938). Yet in different ways, each of these theories
failed. The overall comment is that the admirable sophisticated methods developed by
physicists in studying simple systems encounter great trouble when used to explain nat-
ural phenomena like life, which is inextricably complex.

As pointed out by Brunauer et al., de Boer and Zwikker’s polarization theory as well
as Bradley’s theory of non-polar gases could not predict more than one layer of adsorbed
gas. Brunauer, Emmett and Teller’s own theory (known as the BET theory from the first
letters of their names) also cannot explain the large quantity of water taken up at near-sat-
uration humidity, nor the altered physiochemical attributes of this water. That leaves only
Bradley’s theory for gas molecules with permanent dipole moments. And, until 2003, that
was the best theoretical foundation for the PM theory. Then there was a lucky break. Ling
found a simplying shortcut.

As a result, Ling was able to introduce a new theory with far-reaching consequences.
Briefly, under ideal conditions, an idealized checkerboard of alterrningly positively-, and
negatively-charged sites of just the right distance apart as illustrated in Figure 4 will po-
larize and orient multiple layers of water. As one moves farther and farther away from the
idealized NP-surface, the water-to-water interaction energy (E,) does not taper off to zero

An Idealized NP-surface

FIGURE 4. An idealized NP surface. The distance between a pair of the nearest-neighboring N and
P site is equal to the distance, 1, between neighboring water molecules in the normal liquid state and
approximately 3.1 A. (From Ling 2003)
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but stays at a constant value ad infinitum described by the following equation and illus-
trated in Figure 5;

E, = (@’ )/ (® — 8> (1)

Based on this finding, three predictions could be made and each had been affirmed
retroactively:

1. Thin layer of water held between nearly ideal NP surfaces like that of polished AgCl
prisms would not freeze at any attainable temperature. In fact, this was what Canadian
chemists, Giguere and Harvey discovered by accident and reported fifty years ago
(Giguere and Harvey 1956).

2. Thin layer of water held between near ideal polished NP surfaces would not boil at
temperature as high as 400°C. This too was observed and reported fifty years ago by
Hori (Hori 1956).

3. Truly long-range (ideally ad infinitum) water polarization and orientation under proper
conditions (e.g., exposure to NP-, NO-, PO surfaces) was predicted by the new theory
and it too was retroactively confirmed but more recently.

Thus, in 2003 Zheng and Pollack demonstrated exclusion of 10 um wide, coated
latex microspheres at a distance of 100 um or still farther from the surface of
polyvinylalcohol gel (Zheng and Pollack 2003).

Leaving a detailed analysis of Zheng and Pollack’s spectacular finding to a later paper,
we conclude this communication with a backward look at history, armed with the simple
“size rule” of the PM theory.

120

100

[o.]
o

E. (kcal / mole)
—

40 | \
0 -l

1 2 3 4 5 6 7 8 n
i (row number away from NP surface)

FIGURE 5. The theoretically computed adsorption energy of a water molecule, E, in one of suc-
cessive layers of water molecules away from an idealized NP surface at a temperature very near ab-
solute zero. Note that as the distance between the water molecule and idealized NP surface
increases, the adsorption energy does not taper off to zero. Rather, it continues at a constant value
described by Equation 1. For details on the makeup of an idealized NP surface, see Figure 4 above.
(From Ling 2003)
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That is, how the exclusion of PEG 4000, the subject matter of this communication, of-
fers a link between the exclusion from the polarized-oriented water of small particles like
hydrated Na* and sucrose on one end and the gigantic particles like the coated latex
microspheres at the other extreme. In-between are the multitudes of similar exciting find-
ings of deep layers of water altered by special surfaces (or parallel arrays of linear chains)
(Henniker 1949) that have been relegated to the ranks of the curious and the forgotten —
for the lack of a supportive physical theory. That has finally changed.

We thank Dr. Raymond Damadian and his Fonar Corporation and its many friendly and helpful
members for their continued support. We also thank Margaret Ochsenfeld and Dr. Zhen-dong Chen
for their dedicated and skillful cooperation, and librarian Tony Colella and Michael Guarino, direc-
tor of the Media Services and Internet Services, for their patience and tireless assistance.
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Appendix 1
1.23vAE, {1 ~(- b)(kv)n} —(AE, =1.23Ae*)v
_ 1+ (kv)"
q=exp RT (A3)

where q is the equilibrium distribution coefficient of the solute in question — v is the
molecular volume (molar volume) of the solute and it is in cm®. b is a small fractional
number describing the probability of (very large) molecules in finding adsorbing sites on
the water lattice. k and n are parameters describing the steepness of the declining proba-
bility of finding adsorbing sites with increase of molecular volume. AE; is the specific sur-
face (or solute) polarization energy per cm?in units of cal.mol™" (cm?)™', when the solute
is moved from normal liquid water to the polarized cell water. AE, is the specific solvent
polarization energy, equal to the difference between the energy spent in excavating a hole
1 cm®in size in the polarized (cell) water and the energy recovered in filling up a
1 cm® hole left behind in the surrounding normal liquid water; it is in units of
cal.mole™'(cm®) . Ae* is the increment of the activation energy for overcoming the greater
rotational restriction per unit surface area in units of cal.mole™'(cm?)~!, when a solute is
transferred from normal liquid water phase to the polarized water phase. R and T are the
gas constant and absolute temperature respectively.
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