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Carrageenan, a mixture of sulphated galactans extractable by hot
water from certain marine algae, has been known for its activity in a re-
versible stimulation of connective tissue growth. One/éubcutaneous injec~
tion of this polysaccharide elicits a granuloma formation which regresses
after a few weeks. A single injection after regression results in
heightened response; this suggested an immunological reaction. Serial
injections of either lambda or kappa carrageenan into rabbits resulted in
the formation of precipitins. The present study gives both qualitative and
quantitative studies of the reaction involved. Fractions of carrageenans
from different species of marine algae were tested for their ability to
precipitate either anti-lambda carrageenan antiserum or anti-kappa carra-

geenan antiserum. Deductions were made from the data as to the structure

of the polysaccharides.
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INTRODUCTION

A. General considerations of antigenicity

The antigenicity of a substance is the sum of several factors;
no one factor can be designated as the prime determinant in antigenicity.
Antigens are foreign to the host; the metabolizability of the antigen
and the ability of the host to '"process" the molecule is important. A
case in point is the poor antigenicity of rabbit haemoglobin in rabbits
(Heidelberger and Landsteiner, 1923) but its effective antigenicity in
chickens (Goodman and Campbell, 1954) and in guinea pigs (Ovary, 1964).
Antigens must have more than a certain minimum degree/bf complexity and
a certain molecular size. Proteins of higﬂ molecular weight, i.e.,
greater than 40,000, are good antigens and it is generally believed that
molecules below 10,000 are poor antigens. However, low molecular weight
polypeptides such as glucagon (molecular'weight, 3485, Unger et gi.,
1959) and synthetic polymers of 3000 tO 5000 mw can function as effective
antigens (Maurer, 1963; Sela et al., 1962). The smallest immnogenic
molecule for the guinea pig is tri-dinitrophenyl bactracin, mw 1928
(Maurer, 1965). With straight chained dextrans of mostly 1,6 alpha
linkages, a molecular weight of 50,000 was highly anfigenic; whereas
when the degree of branching was increased, the molecule became more
globular and a lower molecular weight polymer, 28,000, could elicit
an antibody response (Kabat, 1961). Such factors will not only deter-
mine the antigenicity of the molecule with respect to its ability to
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initiate antibody production but also its ability to form insoluble
antigen-antibody complexes. |

The importance of particle size in antigenicity is indicated
by observations that non-antigenic or weakly antigenic substances can
be made antigenic by adsorbing the molecule on a carrier such as kaolin,
colloidin or charcoal. This presents more antigenic sites for reactivity.
Haurowitz (1952) proposed the necessity of a rigid structure of the
determinant groups. He suggested that the highly specific action of
aromatic diazo compounds is due to the rigidity of their benzene rings;
while the inability of long chain fatty acids to elicit antibody forma-
tion is due to the fact that paraffin chains are easily distorted and
change their shape constantly. Sela and Fuchs (1963) have proposed that
as little as a 2% increase in tyrosine content in the gelatin molecule
would result in that molecule's becoming antigenic. Such assumptions
are based on the premise that an antigen must have a definite configura-
tion for it to be copied by the antibody forming mechanism and that this
configuration must not be hidden in the interior of the holecule.
Landsteiner (1945) proposed that charge has some importance; but this
has been shown not to be essential. The neutrally charged blood group
substances are highly antigenic and Sela and Fuchs (1963) have produced
synthetic polypeptides devoid of charge that are antigenic. Thus,
specificity of antigens resides in the structural peculiarities of
their molecules. While it has not been possible in each case to cor-
relate immﬁnological differences in substances wiﬁh their chemical

structure, there is no doubt that a high degree of association does exist.



B. Antibody

The antibody molecule is a protein which has the property of
being able to combine very selectively with the antigen against which
it is directed. Antibodies found in the circulation are globulins
(immunoglobulins) with a wide range of electrophoretic mobilities.
They fall into several classes: IgG, IgM, IgA, IgD, IgE, IgT (equine),
based on their electrophoretic and antigenic properties. Most involved
in the antibody-antigen reaction are the IgGs (6S- globulins). IgG has
a molecular weight of 150,000 - 160,000 and is composed of two halves.
Each half is made up of two polypeptide chains, one of molecular weight
55,000 - 60,000 (the heavy (H) chain), and the other of molecular weight
20,000 - 24,000 (the light (L) chain). The chains are held together by
disulphide bonds and by non-covalent interaction. The immunoglobulins
are considered to be divalent; i.e., there are two regions of the 6S anti-
body molecule which can combine with an antigenic group. Both combining
regions appear to be directed against the same antigenic grouping (Eisen
and Karush, 1949; Singer and Campbell, 1953). This combining site is ét
the free end of the H and L chains. The work of Edelman (1959), Porter
(1962) and Feinstein and Rowe, (1965) have shown that the molecule seems
to exist in a compact form when free and combined with hapten and in an
extended form when combined with antigens in the region of antigen ex-
cess. An antibody reacts with the éntigen against which it is directed
and with certain closely related substances. Very small differences
in the structure of the antigen affect the reactidn so that the antibody
as a rule does not react as well with less closely related substances.

Part of this selectivity comes from the requirement that the antigen's



determinant site (that which directs the synthesis of a specific anti-
body) and antibody have a close steric fit in order that such short
range forces as charge interaction, hydrophobic bonds, van der Waals
attraction, hydrogen bonds and dipole interactions may be effective
(Pressman and Grossberg, 1968). Groupings with shapes different from
the determinant group do not fit the antibody site and cannot bind it.
This is the basis of immunochemical specificity. The rest of the
selectivity rests on the fact that the distribution of groups on the
antibody must correspond to the complementary distribution of groups

in the antigen such that the short range interatomic forces can be
effective. Thus a molecule which fits the antibody combining site
sterically but which does not have the correct groups in proper positions
will not combine. This combination is necessary for the detection of
the antibody-antigen reaction. The most pronounced reaction is the
formation of an insoluble complex of the antibody and the antigen which
can then be analysed by the techniques developed by immunochemistry.
Basically the reaction is chemical. It is specific; entire molecules
react; no chemical alteration takes place in the reacting substances
after they have combined and the union between antibody and antigen is

a firm but reversible one (Pressman, 1953).

C. Carrageenan

(1) Initial studies of carrageenan effect

Carrageenans extracted from Chondrus crispus have been shown

to induce connective tissue growth in vivo when injected subcutaneously
and to induce the synthesis of mucopolysaccharides and collagen (Robertson

and Schwarz, 1953; Slack, 1957; Jackson, 1956a, 1956b, 1957).



McCandless and Lehoczky-Mona (1964) demonstrated that only
lambda carrageenan was active in the in vivo stimulation of connective
tissue growth in guinea pigs. Kappa carrageenan was found to be rela-
tively inactive in this respect. 1Injection of fragments of carrageenans
of differing molecular weights (as determined by viscosity measurements)
suggested that a certain degree of polymerization was necessary for the
activity of lambda carrageenan.

It may be suggested that the action of carrageenan in produc-
ing a granulomatous response may be the result of an immune reaction of
the host. Williams (1957) and Burns and Beighle (1960) have postulated
that due to the high molecular weight and low rate of diffusion of carra-
geenan, it may act as a foreign body.‘ A single injection after regression
of the carrageenan-induced granuloma results in a heightened response
(McCandless, 1967). This suggests an immunological reaction, possibly a
hypersensit;vity reaction.

Practically no evidence exists that man or experimental animals
can develop delayed hypersensitivity to polysaccharides. The reason for
this is unknown, but it may be related to their metabolic fate. It has
been thought that antigenic activity is in some way related to the digesti-
bility of the antigen. Campbell (1957) has found that non-digestible
substances that are not degraded in the tissues do not induce antibody
formation; mammalian tissues and cells normally do not contain enzymes
capable of breaking down foreign polysaccharides. Allison et al. (1966)
have shown that carrageenan will disrupt the 1ysosohal membrane of the
macrophage rather than be broken down by the acid hydrolases present in

the organelles.,



(ii) Chemistry

Carrageenan, a mixture of sulphated (acidic) polysaccharides
extracted by hot water from certain members of the Rhodophyta, was
originally believed to be found only in the species of the genera
Chondrus and Gigartina., Compounds of similar structure have also been

found, however, in plants of the genera Furcellaria, Euchwma, Hypnea,

Iridaea, and Polxideé.

Treatment of whole carrageenan extracts with 0,25 M potassium
chloride resolves the polysaccharides into two fractions (Smith et al.,
_1953). The fraction precipitated by potassium chloride is termed kappa
carrageenan. This fraction is composed primarily of chains of £=-(1,3)-
linked units of carrabiose (4-O-B-galactopyranosyl-3,6 anhydrogalactose)
(Anderson and Rees, 1966). This family of molecules.cohtains 29-35%
sulphate and 33-44% galactose, varying according to the species from
which it is extracted and also from where and at what time the algae were
harvested (Black et al., 1965). The galactose is predominantly the
D-isomer but the presence of small amounts of the L-isomer has been
established for carrageenans from some Chondrus species (Johnston and
Percival, 1950; Mori, 1953). Material not preéipitated by potassium
ions is known as lambda carrageenan by classical definition (Smith et al.,
1953). Lambda carrageenan is precipitated by aqueous ethanol into a
main component and a polysaccharide containing L-galactose units.
Investigation of the main component has shown that it is composed of
3-linked~B~D-galactosyl units and h-linked-ec-D-gélactosyl units in

alternation (Anderson and Rees, 1966; Dolan and Rees, 1965).



D. Problem
The present studies were conducted to investigate the immuno-

logical activity of lambda and kappa carrageenans from Chondrus crispus

and other species. Studies centered around the characterization of the
antibody response in rabbits to these antigens and the precipitating
behavior of these antibodies with o?her fractions of carrageenans from
different species. Basically, the present investigation is the ground-

work for further study of the structure of these unique polysaccharides.



CHAPTER II
MATERIALS AND METHODS:

Carrageenan:

Lambda carrageenan, prepared from Chondrus crispus and kappa

carrageenan prepared from Gigartina leptorhynsos and Chondrus crispus

were obtained from Marine Colloids, Inc., Rockland, Maine. These extracts
had been obtained by the potassium chloride fractionation of hot water
extracts of the respective alga according to the procedure of Smith et al
(1953). Analysis of the fractions, as provided by the donor, were:
a. Lambda carrageenan, C. crispus, potassium salt y

viscésity (1.5% solution, 75C) 888 cps

3,6-Anhydrogalactose | 2-3 %

Ester SO; 36.7 %
b. Kappa carrageenan, C. crispus, potassium salt

viscosity (1.5% solution, 75C) 8.5 cps

3,6-Anhydrogalactose 29.37 %

Ester SO, : 30.13 %

c. Kappa carrageenan, G. leptorhyncos

3,6-Anhydrogalactose _ 27.7 %

Polysaccharides were dissolved in 0.9% NaCl which had been ad-
justed to pH 7.2 with 0.1M NaHZPO,+ to a concentration of 5 mg/ml. The
solutions were dialysed against 0.9% NaCl for 24 hours and sterilized by
autoclaving for 10 minutes at 18 psi. For complete solution of the
carrageenans the pH of the saline had to be slightly alkaliné, particularly

" in the case of lambda carrageenan.,
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Nitrogen Analysis

Kjeldahl nitrogen analysis was carried out in the distillation
apparatus described by Markham (1942). This method is sensitive in a
range of 10 pg N to 100 pg N in protein. The methylene blue-methyl red-
boric acid indicator of Kabat (1961) was used in the titrations. The
error by this method is approximately Iz pg N with repeated determina-
tions. The Kjeldahl nitrogen determination was used to (1) determine the
amount of antibody nitrogen in the precipitates, (2) calibrate the Folin~
Ciocalteau protein method with bovine serum albumin as a standard (3)
ascertain the presence of nitrogenous impurities in the carrageenan

samples. ' ;

Immunization

. Rabbits were obtained from the Quebec Breeding Farm, Inp., St.
Bustache, P.Q. They were maintained on a Purina chow diet. Food and water
were constantly provided.

Six male rabbits, approximately 2 kg. in weight, were injected

intravenously via the marginal ear vein with 27 mg. cérrageenan (either

kappa carrageenan from G. leptorhyncos or lambda carrageenan from C. crisEus)
over a fifteen day period at five da& intervals. Responses to a single
injection of lambda carrageenan, C. crispus, and to kappa carrageenan, C.
crispus were also studied in six additional rabbits. 1 mg. of either carra-
geenan was administered without adjuvant intravenously via the ear vein.
Serum was removed from the animals via the central artery of the ear at

day 1, 2, 3, 4, 5, 7, 9, 11, 12, 16, 20, 25.

Antibody assay

Blood was removed from the animal and allowed to clot by standing



10
at room temperature for two hours; the éubes were sealed and stored over-
night at 10°C. The serum was decanted and centrifuged at 10,000 x g fér
60 minutes at 4°C to remove free red cells. This was repeated three times.
Lipid was aspirated from the top. Where lipid was hard to remove, the
serum was clarified by adding 1 volume of cold (4C) chloroform to 5 volumes
of serum. The mixture was shaken vigorously and subsequently centrifuged
at 4000 x g for 15 minutes. The clarified serum (upper phase) was decanted
and the thick lower phase discarded. This procedure was repeated if the
serum persisted in being milky. Serum was kept sterile by the addition
of 1 ml. 5% phenol in saline and 0.2 ml. 1% merthiolate in 20 ml. serum to
give a final concentration of 0.25% phenol and 1:10,000 merthiolate. The
phenol was added dropwise to prevent denaturation of serum proteins (Kabat,
1961). Serum was stored in sealed vials at 4°C.

Pre- and post-immunization sera as wéll as uninjected control
sera were analyzed for antibody titer according to the procedure of Martin
(1943). This method involved the setting up of a series of progressive
dilutions of serum in order to find the highest dilution at which a pre-
| cipitate could still be observed when antigen was added. The most important
fact was the amount of antigen used in the test. If a fixed quantity of
antigen is employed, the proportions of antibody to antigen in the system
may vary from one of great antibody excess, through equivalence, to a region
of excess antigen, as the serum is progressively diluted. If the amount of
) antigen used is such that the endpoint of precipitation lies in the inhibition
zone (the region of antigen excess) the'antibody titer (reciprocal of the
dilution factor) observed will depend upon the amount of antigen used in
the test as well as on the potency of the antiserum. Thus, the procedure

first involved a preliminary titration with a constant volume of antiserum
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and progressively decreasing amounts of antigen. The least quantity
of antigen which still gives a visible precipitate is then used with
progressively decreasing amounts of antiserum and the titer obtained
is the reciprocal of the seruﬁ dilution; at this level the mixture

of antibody and antigen are in equivalent amounts. Serum dilutions

of 1:10 to 1:15,000 were employed in conjunction with antigen concen-
trations 1.0 pg to 500 pg/ml. A total volume of 1.0 ml was maintained;
serum sample size was 0.5 ml. The tubes were incubated at 37°C, after
addition of antigen to serum, for two hours, then stored in the cold
(4°C) for one week. The tubes were inspected daily for evidence of
precipitation or turbidity. Appropriate controls were prepared: (1)
a contrél, uninjected serum plus antigen, (2) control, uninjected
serum plus 0.15M NaCl, (3) pre-immune serum plus antigen, (4) post-
immune serum plus 0.15M NaCl.

Sera were assayed for antibody nitrogen by the quantitative
precipitin method of Heidelberger and Kendall (1929) and Heidelberger
and MacPherson (1943). Nitrogen analysis of the precipitates was
carried out by the Folin-Ciocalteu tyrosine method of Lowry et al.
(1951) modified by Kabat (1961). The standard solution was bovine
serum albumin. The nitrogen content of the BSA was determined periodi-
cally as a check on the calibration of the method. Both pre- and post-
immune sera were analysed by this procedure. To determine the entire
precipitin curve, increasing amounts of antigen were added to a constant
volume of antiserum; a total volume of oneAml. was.maintained. After
addition of antigen, contents of the tubes were mixed thofoughly, then

incubated at 37°C for two hours and refrigerated (4°C) for three days.
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Maximum precipitation occurred after 48 hours. The

precipitates were harvested by centifuging the reaction tubes in the
cold at 6500 x g for 30 minutes. The supérnatants were decanted and

the precipitates washed with 1.0 ml. cold 0.15M NaCl. This was re-
peated twice. After centrifugation and washing was completed the tubes
were drained until dry and stored in the cold until analysed for protein.
After each decantation the supernatants were checked for loose precipi-
‘tates; if such were observed, the sample was saved and a nitrogen

analysis performed on the contents.

Effect of Complement

Maurer and Talmage (1953) had noted that complement in fresh
serum rendered antigen-antibody complexes less soluble thus increasing
the precipitating power of X quantity of antigen. Complement is also
believed to combine with the aggregates thus increasing the quantity of
nitrogen in the precipitates; It.was_of interest to investigate the
effect of complement, if any, on this systém. Pre-~ and post-immune
sera as well as control (uninjected) sera were tested for their ability

to precipitate either lambda or kappa carrageenan from Chondrus crispus

under different conditions which are known to influence complement
activity. The conditions were: (a) heating the serum at 56°C for 45
minutes, (b) allowing the serum to age for several weeks, (c¢) precipi-
tating in the presence of 0.1M EDTA. Control sera, anti-lambda carra-
geenan sera, and anti-kappa carrageenan sera were analysed for precipi-
tating power to their homologous antigens in the presence of the above
decomplementary factors.

Precipitation, if any, was analysed as above.
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Electrophoresis:

Sera from control, and immune animals, both pre-immuﬁe and
post-immune, and serum which had been absorbed with homologous anti-
gen were separated by electrophoresis on cellulose acetate (Sepraphore
iII, Gelman). The TRIS buffer of Aronsson and Gronwall (1957) was
used in the electrophoresis procedure. Composition of this buffer is:

.10 g. TRIS-(Hydroxymethyl) -aminomethane
1.4 g. EDTA
0.8 g. Boric acid

in 1000 ml. distilled water. This results in a 0.036M buffer, pH 8.6.
The stability of the buffer was maintained by preparing it fresh weekly
and storing it between runs at 4°C. Resolution was increased if separa-
tion was pefformed in the cold. A two lambda sample of serum was applied
at the cathode side and allowed to run for thirty minutes at 300 volts,
1%ma. Strips were stained iﬁmediately after electrophoresis in Ponceau S
(500 mg/ml. in 5% trichloroacetic acid) for 25 minutes., For optimum
scanning sensitivity the dyed strips were washed four times in 5% acetic
acid, dehydrated in methanol and fixed in methanol-glacial acetic acid
(9:1). The strip was stre#ched over a glass plate and dried at 60°C
for 15 minutes. The stained and cleared strip was scanned by an optical
densitometer,

Kappa carrageenan, lambda carrageenan and Seakem Type 21 (whole,

‘unfractionated extract of Chondrus crispus) were run on cellulose acetate

using the same buffer as above. The samples were applied as spots of
about 5 lambda concentration and run:at 400 volts, 18 ma for 15 minutes.

The strips were stained immediately with 0.1% toluidine blue O (National
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Aniline, no. 641) in 3% acetic acid. The strips were prepared as for
scanning as before. The carrageenans were also separated by zone elec-
trophoresis in starch gel. Starch gels were prepared according to
Smithies (1955) except that the concentration of the starch was 12.5%
not 10% A 0,230 M H3BO3’ 0.0092M NaOH buffer (Smithies, 1955) pH
9.00%.2 was used. The samples were allowed to run for 1% hours at

200 volts, - After separation the gels were refrigerated for 1
hour, inverted from the tray, and sliced through the middle horizontally
in order to expose the inner surface where the samples were the most
accessible. The two gel slices were stained with 0.1% toluidine blue

0 in methanol/acetic acid-glacial/water (50/10/50) for thirty seconds

and washed in two changes of solvent for two hours.

Gel Filtration:

Sephadex G200 (Pharmacia, Uppsala, Sweden) with a water regain
of 20%2.0 mls was soaked in distilled water for 3 days. The fine
particles were removed by repeated deqantation and the Sep:hadex care-
fully packed in a 1.5 x30 cm. column under 25 mm pressure. When the
column was filled, a disc of filter paper was placed at the top of the
bed to protect it. The pressure was adjusted to 150 mm and the buffer
reservoir attached. The eluting sclUtion was 1.0 M NaCl (Granath, 1963),
pH 7.5 with 0.1IM NaH2P04° It was saturated with chloroform as a preser-
vative. Carrageenan, 0.2 ml. of a 0.5% solution, was applied
to the column, Lambda carrageenan, kappa carrageenan and Seakem Type

21 (whole extract) of Chondrus crispus were applied to the column. 5.0

ml. fractions were collected and analysed for total hexose by the

modified Anthrone reaction (Yaphe, 1960).
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Preparation of Fluorescein conjugated anti-lambda carrageenan antibody

‘Antiserum was obtained by multiple injections of lambda car-

rageenan from Chondrus crispus into four rabbits over a four week period.

The titer was maintained by periodic injection. A total of 30 mg. of
lambda carrageenan was administered to each animal. .Sera were allowed

to stand at 4°C for 24 hours and then ﬁeated to 56°C for two hours in
order to decomplement the serum. Fractionation of the sera was per-
formed according to Coons (1958) with modifications. To fifty mls. of
high titer pooled serum 100 mls. of chilled (4°C) 0.85% NaCl were added.
The solution was stirred for thirty minutes at LeC., An equal volume

of chilled saturated ammonium sulphate which had been stored over ex-
cess ammonium sulphate was slowly added while stirring to the diluted
antiserum. The mixture was stirred for 30 minutes at 4°C. The suspension
was centrifuged in the cold at 3,000 x g for 30 minutes. The supernatant
was discarded; the precipitate was resuspended in cold half-saturated
ammonium sulphate and recentrifuged in the cold at 3,000 x g for thirty
minutes. This procedure was repeated five times.‘ After the lasticentri~
fugation, the supernatant was discarded and the precipitate resuspended
in buffered, cold saline, pH 7.5. The suspended globulin fraction was
dialysed against 0.85% phosphate buffered saline, pH 7.5 at 4°C with
frequent changing of the dialysing solution until the pointwas reached

at which no more free sulphatecould be detected. Sulphates were detected
be mixing equal portions of a sample of the dialysing fluid and saturated
barium chloride; the presence of sulphate will pro&uce a milky, opalescent
suspension.

When the globulin solution was free of sulphate merthiolate
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powder was added to a final céncentration of 1:10,000., The fraction was
stored at 4°C in a sealed flask.

Before conjugation of the gamma globulin with fluorescein
isothiocyanate, it was necessary to determine the protein content of the
fractionated serum., A 0.1 ml. fraction in triplicate was analysed by the
Folin-Ciocalteu phenol reagent according to Kabat (196)). Bovine serum
albumin was used as a standard.

The procedure of Cherry et al. (1960) was followed in the
conjugation of the gamma globulin with FITC. The protein concentration
of the gamma fraction was adjusted to 10 mg/ml with 0.85% NaCl. Cold
(4°C) carbonate buffer, pH 9.0, equal to 10% of volume of protein solution
was added with stirring. The buffered protein solution was chilled and
maintained for an hour at 4°C. To each mg. of protein, 0.05 mg. of
fluorescein isothiocyanate (BE. Gurr, Ltd. C/222) was added with constant
stirring. After 45 minutes the conjugated solution was added to a
Sephadex column,

The greatest difficulty in the use of the fluorescent antibody
technique is the presence of non-specifically staining material which
cannot be removed by exhaustive dialysis. Curtain (1961) suggested the
use of Sephadex G-25 (Pharmacia Ltd., Uppsala, Sweden)_to purify samples.
The procedure was carried out according to Curtain (1961) with modifications.

Five grams of Sephadex G-25, superfine, were washed three times
.with 1 liter of 0.01 M phosphate buffer, pH 7.0, to remove fines. The
slurry was poured into a 2 cm., diameter glass tubeAand allowed to settle
under atmospheric pressure. A reservoir of 0,01 M phosphate buffer, pH

7.0, was connected to the column and allowed to equilibrate for 3 hours.
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Crude conjugate, 15 ml., was applied to the top of the column,
and allowed to filter through the Sephadex. Two fluorescent bands
appeared on the column: a weak band travelling with the solvent
front containing the fluorescent antibody and a strong band at the
top of the column which contained (Curtain, 1961) bicarbonate ions,
dioxane, acetone and soluble fluorescein derivatives. The weaker
band (the one advancing first) was collected as one fraction after
20 minutes and the column was regenerated by washing the Sephadex
for 72 hours with 0,0l1M phosphate buffer, pH 7.0.

The conjugated fraction was divided into 5 ml. samples,

ampouled, and frozen at -20 C.

Cross-reaction studies

Cross-reactions between the antibodies obtained and the
carrageenan fractions were investigated by the use of the quantitative
precipitin technique described previously in the text. Several carra-
geenans from different species; carrageenans prepared by two different
protocols, and two non-carrageenan substances, were used. The following
carrageenan fractions were obtained from Marine Colloids, Inc., Rockland,
Maine:

1. Chondrus crispus, lambda carrageenan. This was the immunizing

antigen.

2. Chondrus crispus, kappa carrageenan. This was the immunizing

antigen.

3. Gigartina pistillata, lambda carrageenan

k., Gigartina pistillata, kappa carrageenan

5. Gigartina radula, lambda carrageenan
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Gigartina radula, kappa carrageenan

Gigartina acicularis, lambda carrageenan

Gigartina acicularis, kappa carrageenan

Gigartina stellata, kappa carrageenan

Type 21 Seakem carrageenan, whole fraction

In addition, the following carrageenans were provided by Dr.

A. Haug of the Norwegian Institute of Seaweed Research, NTH, Trondheim,

Norway.

These had been prepared by fractional precipitation with

potassium chloride according to the method of Pernas et al, (1967).

The samples provided were:

11.
12.
13.
b,
15.
16.

17.

18,

19.
20.
21.
22,
23.
2k,

" 25.

Gigartina pistillata, whole

Gigartina pistillata, Fraction 3, (lambda carrageenan)

Gigartina pistillata, Fraction 2

Gigartina acicularis, Fraction 3, (lambda carrageenan)

Gigartina acicularis, Fraction 2

Gigartina acicularis, Fraction 1, (kappa carrageenan)

Gigartina acicularis, Fraction 3, (alkali-treated lambda

carrageenan )

Chondrus crispus, Fraction 3, (lambda carrageenan)

[ @]

. crispus, Fraction 2

1

. crispus, Fraction 1, (kappa carrageenan)

{o!

. crispus, Fraction 3 (alkali-treated lambda carrageenan)

10

. crispus, Fraction 2, (alkali-treated)

. crispus, Fraction 1, (alkali-treated kappa fraction)

H{®]

Gigartina stellata, Fraction 3, (lambda carrageenan)

G. stellata, Fraction 2
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26. G. stellata, Fraction 1, (kappa carrageenan)

27. G. stellata, Fraction 3, (alkali-treated lambda carrageenan)
28. G. stellata, Fraction 2, (alkali-tréated)

29. G. stellata, Fraction 1, (alkali-treated kappa carrageenan)

The carrageenans above (11-29) were fractionated by potassium
chloride. Fraction 1 was the precipitate at 0.0625 M potassium chloride,
Fraction 2 was the precipitate between 0.0625 M and 1.5 M potassium
chloride, and Fraction 3 was the part soluble in 1.5 M potassium chloride.
The recovery in the fractionation procedure was between 84% and 90%.
Alkaline treatment was carried out using a 1% carrageenan solution con-
’taiﬁing 0.1% potassium borohydride and 1 M potassium hydroxide (Smidsrgd
et al., 1968).

In addition to the above samples, (30) agar (Difco) and (31)
chondroitin sulphate (Bovine nasal septa cartilage, sodium salt, Sigma
Chemicals) were analysed.for ability to react with anti-lambda and anti-
kappa carrageenan antibody. The quantitative precipitin curves were de-
termined as described on page 29.

To a standard volume of antiserum (0.5ml.) which had previously
been decomplemented, the polysaccharide fractions under investigation
were added in quantities of 10 pg to 1,000 pg. Both anti-lambda carrageenan
antiserum and anti~-kappa carrageenan antiserum to C. crispus, Marine Colloids,
were used with the exception of samples 5,'6, and 9 which were titrated with
only anti-lambda antiserum. Samples (1-9, 30,31) were titrated against
another lot of anti-lambda antiserum which had been obtained prior to that
of the serum used in the analysis of fractions 11-29. All polysaccharides
were dissolved in 0.15 M NaCl, pH 7.2. The volume of all reaction mixtures

was adjusted to 1.0 ml, with 0.15 M NaCl,



CHAPTER ITI
RESULTS

A. Effect of Complement

Because it had been noted by previous investigators (Maurer
and Talmage, 1953) that complement rendered antigen-antibody complexes
less soluble, thus increasing the AbN levels for x quantity of antigen,
and that complement nitrogen may be incorporated in the aggregates, sera
obtained from control, preimmune and immunized rabbits were assayed for
any change in nitrogen in the precipitate after incubation with agents
that'afe known to inhibit or destroy coﬁplement activify. A volume of
0.5 ml. serum was used in all tests.’ The totalivolume in a reaction
mixture was 1.0 ml. Incubation at 37°C for 2 hours and storage at 4°C
for three days was the standard protocol followed before determination
of antibody in the precipitate by the Folin-Ciocalteau procedure (Lowry
et al., 1951) calibrated against bovine serum albumin. The agents
known to affect complement and used here were: (1) heating sera at
56°C for 45 minutes and cooling to room temperature prior to use, (2)
incubation in the presence of 0.1M EDTA, (3) aging the serum for several
weeks in the cold (4°C).

Table I gives the results of antisera incubated with homoloéous

antigen in the presence of the decomplementary agents.

20
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Table I

Effect of decomplementary agents on the precipitation of anti-lambda

carrageenan serum and anti-kappa carrageenan serum by their homologous

antigens

pg AbN precipitated / 0.5 ml. serum .

Serum 6.12 Serum 7.10
Antigen (anti-lambda) (anti-kappa)
(pe) unhtd heat EDTA aged unhtd heat EDTA  aged
5 15 18 17?7 11 - - - -
10 - -- -- - 22 13 20 15
15 25 20 22 20 - — -
25 - - - - 46 32 L5 30
40 50 48 L9 47 - - - -- -
R 56 56 59 51
65 . - 8o 65 72 68
75 78 60 80 66 86 74 . 81 75
102 - - - - 98 82 90 80
150 - -= -- -- 95 89 95 88
200 -- -- -- -- 95 88 88 86
225 146 140 146 140 - - - -—
250 - - - — 9k 83 88 85
300 e — 90 & 8 &
350 — e e e 8o 8 80 72
375 . 150 142 151 1ko - - - -
500 - -- - - 72 65 75 59
550 121 04 119 105 - - - -
650 115 84 120 %0 — - - —
750 112 78 115 82 - - -— -—
900 95 60 93 71 - - - -

1000 - - - - 68 59 70 58



There was a decline in antibody nitrogen precipitated after serum had
been heated at 56°C for 45 minutes, as comp;red to the unheated serum.
The difference may be due to slight denaturation of the immunoglobulins.
Heating and aging for two weeks at 4°C gave comparable precipitin titers;
whereas sera treated with 0.1M EDTA showed a very slight decrease in
precipitating power, if any, and was comparable in this respect to the
unheated_sera. Control and preimmune sera failled to precipitate either
kappa or lambda carrageenan at any concentration of the antigen.
Similarly, no evidence of precipitation was observed in (1) immune sera
plus 0.15M NaCl, (2) control sera pius 0.15M NaCl, and (3) preimmune

sera plus 0.15M NaCl.

B. Anamnestic response of rabbits to carrageenan injection

Antibody titers of immune séra of rabbits which had been in-

jected with lambda carrageenan from Chondrus crispus (Marine Colloids)

or kappa carrageenan from Gigartina leptorhyncos (Marine Colloids) were

analyzed by the method of Martin (1943). Analysis of serum from a
rabbit which had received the last injection of lambda carrageenan
twenty days earlier is tabulated in Table II. These titers are of serum
from rabbits which had received a total of 27 mg. carrageenan over a

fifteen day period.



Table II

Martin sguare for direct precipitation test of

antiserum: Anti-lambda carrageenan antiserum, 6.20

Antigen, (lambda carrageenan,

Serum Chondrus crispus, Marine Colloids)
dilution pg/ml

1.0 5 10 25 50 100 250 500
1:1 - - + + + + + .+
1:10 - - + + + 4 + +
1:25 - - + + + + + +
1:50 ' - - + + + + + +
1:100 - - + + + + + -
1:250 - - + + + + + -
1:500 - - + + + + + -
1:1,000 - - + + + + + -
1:2,000 - - + + + + - -
1:4,000 - - + + () - - -
1:7,500 - - @& - - - -
1:10,000 - - - - - - - -
1:12,500 - - - - - - - -
1:15,000 - - e - - - - -

Serum volume: 0.5 ml,
Total volume: 1.0 ml,
(=) no precipitation
(+) precipitation

(#) slight turbidity
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It is evident that the endpoint titer of the antigen does not
vary with the amount of the antiserum used, indicating that the strength
cannot be determined by progressive dilution of the antigen alone.

Serum from rabbit 6.20, anti-lambda carrageenan serum, demon=-
strates that the titer of the serum is greatest with the 1 st amount of
antigen (10 pg in this instance). The titer, 7500, (which is the recipro-
cal of the serum dilution) obtained at this level of antigen concentration
corresponds to a mixture of antibody and antigen in equivalent amounts.
Supernatant tests confirmed the presence of antigen in excess and anti-
body in excess in the respective regions. Failure of precipitation to
occur when supernatant was mixed with antigen and with antibody indicated
the equivalence zone. The supernatant tests done on serum 6.20 are tabu-
lated in Table III.

Supernatant tests on Serum 6.20

Antigen concentration, ug/ml.

Serum (Lambda carrageenan, C. crispus, MC)
dilution 1.0 5 10 25 50 100 250 500
1:1 ab ab ab ab ab ab Ag Ag
1:10 ab ab ab ab ab (=) Ag Ag
1:100 ab ab ab ab (-) (~) Ag Ag
1: 1900 ab ab ab (=) (-) Ag Ag Ag
1:4p00 («) (<) ab (=) Ag Ag Ag Ag
1:%500 (=) (=) (=) Ag Ag Ag Ag Ag

ab -~ antibody present in excess (detected by adding antigen with a resul-
tant precipitate)

Ag - antigen present in excess (detected by adding antibody with a resul-
tant precipitate)

(~) = no precipitation if either antigen or antibody is added to the serum.
Denotes the equivalence zone.

Supernatant expressed in terms of original serum diltion. Volume was 0.5ml.

Total volume: 1.0ml.



Table IV

Precipitin titers of rabbit anfisera . after multiple injections
of lambda carrageenan extracted from Chondrus crispus

Rabbits _ Days after last injection
4 _
3 10 20 50 60 80 100 130 150
1 1000 2000 5000 12000 12000 10500 10000 4000 1000
2 1000 2500 6600 10000 11000 10000 9600 3340 1000
3 1500 2300 8000 11500 10500 10500 9000 2000 1000
b 1500 2000 5500 10600 10600 12000 8500 3500 1000
5 1000 1800 7000 9500 8050 9500 9000 2600 1000
6 1250 1700 7500 10000 9500 9500 7500 Looo 1000
7 1600 1500 9000 12500 10000 11050 9500 2000 1000
8 - 1500 6800 7200 7300 7000 6400 2600 1000
*11 - - - - - - - - -

*Control animal #11 showed no precipitation at any dilution of both antiserum and antigen.

6e



Table V

~ Precipitin titers of rabbit antisera after multiple
injections of kappa carrageenan extracted from Gigartina

leptorhyncos
Rabbits Days after last injection
#

3 10 20 20 - 50 70 110 120 140 150
12 100 200 800 1300 5300 6000 3700 1700 1000 700
13 - 150 750 1500 6000 5500 2900 1600 "~ 1000 850
14 200 350 1000 1900 7800 7000 3600 1700 800 700
15 150 260 - 850 1600 7600 6000 3000 1000 780 500
16 200 200 900 1400 8000 5600 2700 750 700 Lso
17 150 350 500 1000 6400 5000 2000 1000 700 600

*18 - - - - - C- - - - -

*Control animal #18 showed no precipitation at any dilution of both the antigen and the antiserum

9¢c
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Tables IV and V list the antibody titers of the sera of fourteen
rabbits immunized with multiple injections of either lambda carrageenan

from Chondrus crispus or kappa carrageenan from Gigartina leptorhyncos.

Detectable antibody appeared quite rapidly after carrageenan administra-
tion; for anti-lambda carrageenan serum a maximum titer was maintained
for several months, Kappa carrageenan differed from lambda carrageenan
in that the increase in titer was delayed by several days, the titer was
not so high, and the maximum level waé retained for about a month. After
about 150 days without further antigenic stimulation the antibody titers

of both lambda and kappa carrageenan antisera were still high (Figure 1).

C. Response to single injection of carrageenan

Intravenous injection of 1 mg. of either lambda carrageenan,

Chondrus crispus, Marine Colloids or kappa carrageenan from the same source

resulted in the formation of precipitating antibodies (precipitins) as
detected by analysis of washed precipitates for AbN by the Folin phenol
procedure (Lowry et al.; Kabat, 1961). Sera were analysed by determining
the entire precipitin curve over a range of antigen concentrations
according to the method of Heidelberger and MacPherson (1943). Tables

VI and VII list the antibody contents of sera of six rabbits over a

period of 25 days from initial injection. The antibody level reached a
maximum about six days after injection; kappa carrageenan was delayed to
about the eighth day (Figure 2). The mean anti-lambda carrageenan response
was about 22% higher than the antibody level attained by rébbits immunized
‘to kappa carrageenan. The sharp increase in precipitin level and its
rapid decline from the sera with time reflects the normal development and

decline of antibody levels in serum after an initial antigen dose.



Table VI
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Antibody levels in the sera of three rabbits injected with 1 mg. lambda

carrageenan, Chondrus crispus, MC

Day

O N M oW

11
12
16
20

25

Antibody levels in

Ab (mg) / ml. serum

1

.000
.000

.000

. 322
» 390
47
.500
L02
JL12
.252
152
.150

Table VII

2

.000

.350
L26
524
549
415
438
274
b4
k42

3

.000
.000
.000
.321
.380
549
.581

450

405
.298

.100 -

the sera of three rabbits injected with 1 mg. kappa

carrageenan, Chondrus crispus, MC

Day

O O\ Wy

1
14
18
20
25

Ab (mg) / ml. serum

1

. .000
000
.000
000
.193
.325
.395
379
319
.200
.070

2
.000
.000
.000
.000
.000
.180
« 350
430
R Yele)
«295
.218
.095

3
.000

.000
.000
.000

485
415
.275
.250
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Significantly, in all the animals tested antibody tq the respective anti-
gen appeared on the same day. All sera, a total of 44, gave characteris-

tic quantitative precipitin curves.

D. Analysis of precipitin curves

Quantitative precipitin curves of the reaction of the most
potent anti-carrageenan sera with either lambda or kappa carrageenan are
presented in Figure 3. It is evident from observation alone that the
precipitin curves with homologous antigen are of the usual type for poly-
saccharides (Kabat and Berg, 1953%). The lack of a second peak suggests
the presence of only one antibody. With both lambda and kappa carrageenan,
after maximum precipitation was reached no appreciable”diminution.of
precipitation occurred until several times as much antigen had been
added as was required for maximum precipitation; that is, there was
little inhibition in the region of excess antigen.

The data used to plot the curves in Figure 3 were tested for
‘their conformity to the two equations where C is antigen added:

(1) AbNpptd. aC - bC2

"

(2) AbNpptd. . = daC - ec”2
proposed by Heidelberger and Kendall (1935a,b), to describe the course of

the precipitin reaction. It was found that if the ratio of the antibody
nitrogen precipitated by a given amount of carrageenan is plotted against

the square root of the amount of carrageenan added, a straight line relation-
ship results. This is Line II in Figure 4; it graphically représents
equation 2. The points plotted in Figure 4 are from data pbtained in the

titration of serum 3.10 (anti-kappa carrageenan serum to its homologous

antigen). If the ratio of the antibody nitrogen precipitated to the amount
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of carrageenan added is plotted against the amount of carrageenan added,

a linear relationship results if the method of least squares is applied.
Graphically, equation 1 is represented in Figure 4 by Line I. Extra-
polation of the lines in Figure 4 to the ordinate enables one to
determine the constants of equations 1 and 2.' The constants a and d
equal the intercept on the y axis, and b and e represent the slope of

the lines. For serum 3.10 equation 1 becomes: 1.28C - 6.9¢° * (3)

and equation 2 becomes: 1.62C - 3..2C3/2 (4). Both equations represent
the relation between the amounts of antibody nitrogen precipitated and
the amounts of antigen (C) added throughout the region of antibody excess
up to the point of maximum precipitation. From these equations the maxi-
mum amount of precipitable antibody nitrogen (AbN max) in serum 3.10 was
calculated by differentiating both ééuations with respect to C and equating
to zero. Equation 3 becomes L28/T6.9)2 and equation 4 becomes 1.62 -
4,80C% = 0. C max equals the amount of antigen required for maximum
antibody precipitation; substituting the values of C max into equations

3 and 4 will give the maximum amount of precipitable antibody N (AbN max).
Table VIII summarizes the confbrmity of the two equations to data obtained
with selected serum samples. By inspection of the data, equation 2 fits
the data better. Found and calculated values for antibody precipitated
are in good agreement; the greatest deviation (0.005 mg) is well within
the experimental error of the analytical procedures. The experimentally
observed values for C max were not so precisely determined since maximum

precipitation occurred over a fairly broad zone of antigen concentration.



Conformity of the precipitin data to the empirical equations for the antibody-antigen preciptin
reaction.

2

(1) AbN pptd. = aC - bC*

(2) AbN pptd. = ac - ec?/?

R = mg Ab. max/mg carrageenan (max)
Serum notation (A-1,9)-A-anti-lambda carrageenan antiserum

k~l-rabbit number

Serum C max, mg C max, mg ¢ max, mg Ab max, mg 4b max, mg Ab max, mg
calctd. cale'd. expt'l. calc'd, calc'd., expttl.
(Equation 1) | (Equation 2) (Bquation 1) | (BEquation 2)

A-1.9 0.110 0.125 0.100-0.300 0.265 0.324 0.320 2.6
CA=2.7 0.117 0.185 0.150-0.,300 0.437 0.545 0.550 2.9

A-4.10 0.142 0.230 0.100-0.350 0.504 0.625 0.610 2.8
" A-6.8 0.112 0.127 0.100-0.250 0.375 0.392 0.3%88 3.2

A-9.8 0.144 0.140 0.100-0,300 0.440 0.425 0.430 2.8

A40.10 © 0,147 0.184 0.100-0.250 0.509 0.565 0.562 3.1

K-T7.12 0.112 0.151 0.100~0.250 0.510 0.565 0.565 3.7

K-3.10 0.092 0.114 0.100-0.200 0.347 0,391 0.385 3.4

K-5.15 0.079 0.079 0.075-0,150 0.297 0.290 0.290 3.6

K-8.11 0.073 0.106 0.150-0.300 0.272 0.319 0.%25 3.1

Mean value for R (lambda carrageenan antiserum): 2.9 + 0.2

Mean value for R (kappa carrageenan antiserum): 3.5 + 0.2

T Vil

r.
‘D

IIIA

¢
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o

E. Electrophoretic separations of antisera and of antigens

Figures 5 and 6 illustrate the densitometric patterns obtained
after the separation of anti-lambda carrageenan serum and anti-kappa
carrageenan serum on cellulose acetate. The pronounced peak in the
globulin region of 5A is depressed to a level (5B) comparable to that of
the control when the serum had been absorbed by an optimal amount of

lambda carrageenan, Chondrus crispus. Similar tracings were obtained with

'

the kappa unabsorbed serum and kappa absorbed serum (Figures 6A and 6B,
respectively).

Electrophoresis of both lambda carrageenan, kappa carrageenan
and the whole extract, Seakem Type 21, failed to distinguish these poly-
saccharides from each other. Both zone electrophoresis with starch gel and
continuous electrophoresis on cellulose acetate gave unpromising results.
Figure 7 shows diagrammatically what was observed on cellulose acetate

membranes after electrophoresis of carrageenans.

F. Gel Filtration

Figure 8 demonstrates the elution diagram of carrageenan samples
after passage through a Sephadex G200 column. The fractionation range of
this column as determined for polysaccharides (Flodin, P., 1962) is of
molecules of molecular weights in the range of l,OOO - 200,000, Other
investigators have stated the molecular weight of lambda carrageenan as a
range of 330,000 to 790,000 and of kappa carrageenan as a range of 260,000
to 320,000 (Smith et al., 1953; Cook et al., 1952). Therefore, it is not

surprising that the molecules are eluted in the void volume.

G. Cross reactions

The results of the quantitative precipitin studies of the reaction
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of anti-lambda carrageenan serum, Chondrus crispus with various carrageenan

samples are shown graphically in Figures 10 to 14, and Table IX.

The reactions between anti-kappa carrageenan serum, Chondrus
crispus with various carrageenans are shown in Figures 15 to 18. It is
evident that the anti-lambda serum reacts specifically té lambda carra-
geenan as it will not precipitate kappa carrageegan extracted from the
.same source (Figure 9). Similarly, anti-kappa serum reacts specifically
to kappa carrageenan and will not precipitate lambda carrageenan from the
same source. Anti-lambda serum precipitateé all lambda fractions from
other species in varying degrees but one; the exception is lambda carra-

geenan prepared from Gigartina stellata by fractional precipitation of

KC1l soluble portions. Anti-kappa carrageenan serum precipitates all

other kappas from other species, to varying degrees (Figure 17). The
intermediate fractions vary in their precipitation as do the alkali-treated
lambda and intermediate fractioﬁs. Alkali-treatment of kappa fractions
gives rise to molecules which have great precipitating power with both
lambda and kappa antiserum; whether this is a specific phenomenon or the
result of non-specific precipitation will be discussed later. As expected,
agar (Difco) and chondroitin sulphate failed to precipitate either anti-

serum (Figure 10).

H. Fluorescent antibody

Work is in progress with this investigation. There is an indi-
cation that carrageenan (lambda) is present in cells which have the
morphological characteristics of macrophages. Positive conclusions with

regard to the ingestion of carrageenan by macrophages using immuno-
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fluorescent techniques will have to wait until work with macrophapges in

tissue culture is attempted.



Table IX

Reaction between carrageenan fractions and anti-lambda carrageenan
(C. crispus) serum and anti-kappa carrageenan (C. crispus) serum

Sample AbN pptd T % AbN pptd %

No. ng. pptd PE . pptd

anti-\ anti-A anti~k “anti-k

1 Lo 100 - -

2 3 7.1 - -

3 Lo 100 - -

L 3 7.1 - -

5 38 90.5 - -

6 3 7-1 - -

7 Sh 128 - -

8 5 11.9 - -

9 2 5.0 - -
10 - C- - -
11 - - - -
12 28 57.2 b B 8.9
13 S 83.6 L 8.9
14 \ 35 714 10 22.2
15 kg 100 21 L&, 7
16 18 ' 36.7 49 109
17 17 36.7 48 107
18 2L 48,9 5 9.0
19 14 28.6 45 100
20 7 4.2 31 63.2
21 22 45,0 ' 43 95.6
22 23 L6.,0 58. . 129
23 78 159 81 180
24 4 8.2 .0 0.0
25 28 58.0 ks 100
26 2 L,o 27 82.2
27 59 120 80 163
28 2 40,8 75 167
29 50 100 61 136
20 0 0 0 0
31 0 -0 0 0
1A Lg 100 L 8.9
2A L 8.2 ° Ls 100

. 7A 65 133 0 0
3A 27 55.1 5 9.0

(1-10 represents titration with serum 24.26 which was anti-lambda
carrageenan)

(1A, 2A, 3A, 7A are the same samples as 1, 2, 3, 7 used with serum
2k.26) .



Figure 1

Precipitin titers in rabbits injected with either lambda
carrageenan from C. crispus or kappa carrageenan from

Gigartina leptorhyncos. 33 mg. lambda carrageenan and 29

mg. kappa carrageenan administered over 27 day period.
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Figure 2 Antibody production in rabbits following single injection.
(1 mg.) either lambda carrageenan or kappa carrageenan from

Chondrus crispus.

(@) lambda carrageenan

(o) kappa carrageenan

28
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Figure 3 Quantitative precipitin curve of both lambda and kappa carra-
geenan from C. crispus to homologous antibody.

(o) 2.7:6.8, lambda anti-lambda carrageenan

(o) 3.10:5.15 kappa anti-kappa carrageenan


http:3.10:5.15

Mg. Antibody / ml. serum

4

Anti-serum 2.7 (Q)

—
6 ™D

\O
Anti-serum 5.15 (K)

02 -3 ' olP -1

Carrageenan ( mg. )
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Figure 4

Quantitative course of the precipitin reaction between kappa
carrageenan and rabbit anti-kappa carrageenan (Serum 3.10).
Line I plotted as ratio AbN:Carrageenan vs. mg. Carrageenan;
i.e., equation 1, AbN pptd. = aC -bCZ. Line II plotted as
the ratio AbN:Carrageenan vé. Carrageenan: i.e., equation 2,
AbN pptd. = dC - 72, Line I : 1.28¢C- 6.9C°

Line II: 1.62C - 3.2¢2
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Figure 5 Electrophoretic patterns of serum before and after absorption
of antigen.
Serum 6.12 (anti-lambda carrageenan)
Support: Cellulose Acetate (Sepraphore III, Gelman)
Buffer: TRIS, pi 8.8 '

Stained with Ponceau §
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ANTI-LAMBDA SERUM 6,12

UNABSORBED

8-globulin

ANTI-LAMBDA SERUM 6,12
ABSORBED

8-globulin

CONTROL SERUM

X-globulin
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Figure 6 Electrophoretic patterns of serum before and after absorption
of antigen.
Serum 15.10 (anti-kappa carrageenan)
Support: Cellulose Acetate (Sepraphore III, Gelman)
Buffer, TRIS, pH 8.8

Stained with Ponceau S



Figure 6

ANTI-KAPPA SERUM 15,10

UNABSORBED

U7

-

8-globulin

ANTI-KAPPA SERUM 15,10
ABSORBED

8-globulin
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Figure 7 Electrophoresis of carrageenans on cellulose acetate (Sepraphore

III, Gelman). The Buffer was TRIS, 0.0%6M, pH 8.6. Run at
400 volts, 18 ma for 15 min. Stained in 0.1% Toluidine Blue O
in 3% acetic acid.

- S
S21 eakem Type 21

K - Kappa carrageenan, Chondrus crispus (MC)

L - Lambda carrageenan, Chondrus crispus (MC)

O =~ Site of application

Similar patterns were observed on starch gel.



Figure 7

Electrophoresis of ¢

L9

arrageenans on cellulose

acetate (Sepraphore III, Gelman). The buffer

‘was TRIS, 0.036M
for 15 minutes.
3% acetic acid.

, pH 8.6. Rup at K00 vo
Stained in 0.1% Toluidi

' 8z Seakem Type 21

K  Kappa carragecnan, Chondrus criispus
L ILambda carrascenan, Chondrus crispus

o origin

1lts, 18ma,
ne blue in

The szme pattern was observed in starch gel.
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Figure 8§ Fractionation of carrageenans by gel filtration on Sephadex
G-200.
Bed dimensions: 1.5 x 30 mm.
Flow Rate: 15 ml/hr.
Eluant: 1.0 M NaCl, pH 7.2.
Carbohydrate content of 5 ml. fractions detected by Anthrone

[-]
reagent (Yaphe, 1960), absorbance read at 7500 A.
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Figure 9 A Reaction between anti-lambda carrageenan antiserum and
lambda carrageenan, C. crispus, MC (homologous antigen)

and kappa carrageenan, C. crispus, MC

B Reaction between anti-kappa carrageenan antiserum and
kappa carrageenan, C. crispus, MC (homologous antigen)

and lambda carrageenan, C. crispus, MC
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Figure 10 Precipitation of anti-lambda carrageenan serum (C. crispus,

Marine Colloids) by:

(o) 1 C. crispus, lambda carrageenan

() 2 C. crispus, kappa carrageenan

(x) 3 G. pistillata, lambda carrageenan

(4) 4 G. pistillata, kappa carrageenan

(o) 5 G. radula, lambda carrageenan

(A) 6 G. radula, képpa 6arrageenan

(m) 7 G. acicularis, lambda carrageenan

(o) 8 G. acicularis, kappa carragéenan

(a) 9 G. stellata, kappa carrageenan p

() 10 C. crispus. Seakem Type 21, whole extract

(m) 30 chondroitin sulphate

(m) 31 agar
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Figure 11 Precipitation of anti-lambda carrageenan serum (C. crispus,
Marine Colloids) by:

(o) 1

I

. crispus, lambda carrageenan

(+) 3 G. pistillata, fraction lambda carrageenan

(x) 7 G. acicularis, lambda carrageenan
(a) 12 G. pistillata, fraction 3

(o) 14 G. acicularis, fraction 3

() 18 C. crispus, fraction 3

(@) 24 G. stellata, fraction 3
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Figure 12 Precipitation of anti-lambda carrageenan serum (C. crispus,
Marine Colloids) by:

(o) 1 C. crispus, lambda carrageenan

(o) 13 G. pistallata, intermediate fraction 2
(e) 15 G. acicularis, intermediate fraction 2
(x) 19 C. crispus, intermediate fraction 2
(@) 25 G. stellata, intermediate fraction 2
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Figure 13 Precipitation of anti-lambda carrageenan serum (C. crispus,
Marine Colloids) by:

(e) 1 C. crispus, lambda carrageenan

(e) 2 C. crispus, kappa carrageenan

(o) 16 G. acicularis, fraction 1

(8) 20 C. crispus, fraction 1

(x) 26 G. stellata, fraction 1

(4) 10 C. crispus, Seakem Type 21, whole extract
(@ 11 G. pistillata, whole extract
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Figure 14 Precipitation of anti-lambda carrageenan serum (C. crispus,
" Marine Colloids) by:

(e) 1 C. crispus, lambda carrageenan

(#) 17 G. acicularis, alkali-treated fraction 3
(@) 21 C. crispus, alkali-treated fraction 3
(x) 22 C._crispus, alkali-treated fraction 2
(A) 23 C. crispus, alkali-treated fraction 1
(+) 27 G. stellata, alkali-treated fraction 3
(o) 28 G. stellata, alkali-treated fraction 2
(e) 29 G. stellata, alkali-treated fraction 1

- . Va
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Figure 15 Precipitation of anti-kappa carrageenan serum (C. crispus,

Marine Colloids) by:

(4) 1 C. crispus, lambda carrageenan
(e) 2 C. crispus, kappa carrageenan

(x) 3 G. pistillata, lambda carrageenan
(¢) 7 G. acicularis, lambda carrageehan
() 14 G. acicularis, fraction 3

(o) 18 C. crispus, fraction 3

(#) 24 G. stellata, fraction 3
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Figure 16 Precipitation of anti-kappa carrageenan serum (C., crispus,
Marine Colloids) by:

(e) 2 C. crispus, kappa carrageenan

(@) 13 G. pistillata, fraction 2

(+) 15 G. acicularis, fraction 2

(x) 19 C. crispus, fraction 2

(o) 25 G. stellata, fraction 2

(o) 10 C. crispus, Seakem type 21, whole extract
(o) 11 G. pistillata, whole extract
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' Figure 17 Precipitation of anti-kappa carrageenan serum (C. crispus,

Marine Colloids) by:

(e) 2 C. crispus, kappa carrageenan
() 16 G. acicularis, fraction 1
(x) 20 C. crispus, fraction 1

(o) 26 G. stellata, fraction 1
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Figure 18 Precipitation of anti-kappa carrageenan serum (Q. crispus,
Marine Colloids) by:

(¢) 2 C. crispus, kappa carrageenan

(x) 17 G. acicularis, alkali-treated fraction 3
(o) 21 C. crispus, alkali-treated fraction 3
(e) 22 C. crispus, alkali-treated fraction 2
(%) 23 C. crispus, alkali-treated fraction 1
(8) 27 G. stellata, alkali-treated fraction 3
(o) 28 G. stellata, alkali-treated fraction 2
(A) 29 G. stellata, alkali-treated fraction 1
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CHAPTER IV
DISCUSSION

A. Production of antibodies in vivo’

The anti-carrageenan reaction is a typical antibody response
which can be characterized sequentially by several phases: (a) the
latent (inductive) phase which is the interval between the time of antigen
injection and the beginning of the exponential rise in antibody concentration
in the serum, (b) the log (exponential) phase where the concentration of
antibody in the serum increases exponentially, (c) the stationary (plateau)
phase where the concentration of the antibody in the blood remains relatively
constant, and (d) the decay (decline) phase where the concentration of anti-
body in the blood decreases exponentially. These phases can be observed in
Figure 2. The inductive phase lasted three days for anti-lambda carrageenan
antiquy and five days for anti-kappa carrageenan antibody; the log phase
for about two days and a plateau for abouf five days. The latent phase, in
the opinion of some investigators (McKenna and Stevens, 1957; Svehag and
Mandel, 1964; Uhr et al., 1962), is an ar:tifact due to iﬁsensitivity of
the method for detecting circulating antibody; that is, there should be no
lag between antigen stimulation and the beginning of the exponential- phase.
However, most workers believe (Sterzl, 1960) that the latent phase is real.
This lag period may be the time required for the stimulation of non-antibody
forming progenitor cells to become geared for the synthesis
of a specific antibody protein, a process which requiresva finite time.

Immediately after injection anfigens appear to be ingested by

72
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phagocytes (macrophages) (Campbell and Garvey, 1963; Thorbecke and
Benacerraf, 1962). After subcutaneous injection of carrageenan meta-
chromatic staining with toluidine blue suggests that macrophages are
full of carrageenan (McCandless and Lehoczky-Mona, 1964) and th-
carrageenan studies in this laboratory support this. Kirchheiner (1966)
and Kirchheiner and Egeberg (1966) have published electron micrographs of
. cells believed to be macrophages filled with a material that they suspect
is carrageenan. If this material is actually carrageenan, application of
the fluorescent antibody techniques should be able not only to detect the
presence of te molecule but also to detect whether the molecule is present
in its antigenic state. 4

Long term antibody reSpénse is related to prolonged antigen re-
tention by immunologically competent cells (Campbellland Garvey, 1963;
Haurowitz, 1960; Richter and Haurowitz, 1960, Richter, Zimmerman and
Haurowitz, 1965). After its subcutaneous injection carrageenan has been
observed in tissue cells over a periéd of several weeks (McCandless and
Lehoczky-~Mona, 1964). If one extrapolates the decay phase plot in figure
2, a half time (T%) of twenty days is obtained, which could be the result
of retention of antigen and release of "antigen stimulator" to antibody
forming tissues.

As mentioned previously, for a molecule to be antigenic certain
criteria are required. Polysaccharides are no exception. Polysaccharides
in their ability to induce antibody formation show species specificities.

Purified type-specific carbohydrates from Pneumococcus can induce antibody

formation in micéf(Avery and Goebel, 1933) and in man (Heidelberger, 1956)

but not in rab%its (Avery and Goebel, 1933) or guinea pigs (Maurer and
?
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Mansmann, 1958) unless conjugated with adjuvant. However, Plescia et al.
(1964) have found that the charged SIII polysaccharide is antigenic in
rabbits after conjugation with methylated bovine serum albumin. This opens
the question whether non-antigenic polysaccharides can become antigenic by
adsorption to some tissue or serum protein in vivo. Other polysaccharides
expressing species differences are levan (Allen and Kabat, 1957), a
fructose polymer, dextran (Kabat and Berg, 1953), a glucose polymer,and
the Vi antigen of E. coli (Clark et al., 1958), a polymer composed exclu-
sively of N-acetyl-amino-hexuronic acid. These too are found to be non-
antigenic in rabbits, but antigenic in man, A primary response in rabbits
can be obtained to dextrans and zymosan (a yeast glucan) if administered
with adjuvant (Kabat, 1961; Glynn et al., 1954). All polysaccharides
discussed above, with the exception of the charged SIII polysaccharide,are
uncharged. Carrageenan is an exception also‘becauSe of its acidic character
due to a high degree of sulphation.. From the conflicting reports concerning
the dependence of charged groups in antigenicity (Sela and Mozes, 1966) it
would appear unlikely that the>antigenicity of carrageenan or its indepen-
dence of adjuvant is related to its charge. .

The data presenfed here show that amounts of carrageenan as small
as 1 mg. of lambda or kappa fractions injected into rabbits result in
the formation of precipitating antibodies (precipitins). The antigenic
stimulus (1 mg.) is an amount compa;able to that required for immunization
with dextran (Kabat and Berg, 1953) and somewhat larger than that used for
immunization with pneumococcal polysaccharides (0.05 mg.) (Heidelberger

ﬁ alf.. 19‘*6).

—
-
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Analysis of serum by electrophoresis showed the presence of
increased gamma globulin fraction (Figures SA, 6A) for both antisera.
Incubation of the antisera with its homologous antigen and electrophoresis
of the supernatant gave a serum pattern which was compérable to the control.
The region of the gamma globulin fraction had decreased; the precipitate
retrieved after incubation can thus be assumed to be composed of antigen
and antibody.

As an antigen, carrageenan fits the requirements quite well. It
is not a native molecule even though its chemical structure resembles that
of the natural mucopolysaccharides; the molecﬁlar size of the molecule is
comparable to that of other polysaccharide antigens; the presence of
charged groups (half ester sulphates) may or may not be a contributing
factor; the presence of alternating linkages resultsin several conformations
for the molecule such that the probability.of forming antibodies to such
sites is increased; and injection'subcutaneously élicits what appears to

be a hypersensitive state.

B. Reaction of antibody and antigen in vitro

(i) Effect of complement on the carrageenan-anti-carrageenan reaction

Complement is a compohent of normal ‘serum. The antigen-antibody
combination activates the complement system by converting the first component,
C'l, from a proenzyme state to an active esterase (Ratnoff and Lepow, 1963).

In turn, other components of the complement system (C'4,.C'2, C'3 complex)
are activated or consumed until thé final step results in an actively lytic
substance that attacks the sensitized red cell membrane at strategic sites.

The components of complement are proteinacous in nature.
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Davies (1963) and (1965) has shown that carrageenan inhibits
complement in rabbits and guinea pigs by preventing formation of EAC'l.
This could be done either by inactivating directly some part of C'l or
by preventing the sensitized red cell from fixing C'1 By an action on
the cell itself. Maurer and Talmage (1953) noted that complement in
fresh sera rendered antigen-antibody complexes less soluble, thus in-
creasing the precipitating power of x quantity of antigen. In addition,
complement adds to the antibody-antigen aggregate (Weigle and Maurer,
1957). On heating tov56°C and maintaining that temperature for a few
minutes, C'1l and C'2 activities are lost. C'3 and C'4 are more resis-
tant; but if heating is continued for 45 minutes most of the C'3 and
C'k activities are lost. By shaking with chloroform C;h activity is
1‘ destroyed (Updyke and Conroy, 1956).

In the present experiments, in heated serum, the frecipitable
antibédy to carrageenan was slightly less than inwheated serum; this
decrease‘could possibly be accounted for by slight denaturation of immuno-
globulin. Serum which had been allowed to stand for two weeks at 4°C,
by which time most of the complement activity would have disappeared,
showed little difference from heated serum (Table I). This is in
accordance with the observations of Maurer and Talmage (1953) and Kabat
' and Berg (1953).

Levine et al. (1953) found ‘that EDTA interferes with the uptake
of complement nitrogen by aggregates of antibody and antigen by sequester~
ing magnesium.and calcium ions. The same authors found that in‘guinea rig
and human serum, ?pféke of complement nitrogen was inhibited by 0.1M EDTA,

whereas rabbit serum complement was unaffected by EDTA. EDTA was without

s
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effect in the present system also.

The absence of a marked effect of carrageenan directly on
complement in serum may support the.suggestion that carrageenan, like
other acidic polysaccharides, adheres to the surface of red cells
(Hungerer et al., 1967). If it could be shown that rabbit and sheep
erythrocytes can be coated with carrageenan and by . this action inhibit
complement activity in vivo, it would support this suggestion. Comple-
ment can be ignored as a contributing factor in all thé work reported
here on another basis, as antisera used were always heated at 56°C for

45 minutes and stored at 4°C for at least two weeks before use.

,
(ii) The precipitin reaction

The antibodies reacted with the carrageenans to give typical
quantita£ive precipitin curves (Figure 3). If the antigen and the anti-
body are immunochemically homogeneous, or reasonably so (Palmiter and
Aladjem, 1968), the precipitin curves of different systems will display
certain common features. The initial rise in the amount of precipitate
occurs as the amount of antigen added increases over a range more or
less coincident with the zone of antibody excess. In antibody excess
antigen precipitates antibody almost as if the antibody were univalent.
As the proportion of antibody and antigen approaches equivalence there
is a change in the nature of the precipitate from a flocculent to a
more stable form that is characteristic of precipitates formed with optimal
proportions of antigen and antibody at equivalence (Day, 1966). With the
formation of the antigen-antibody complexes the aggregates become less

hydrophilic and are precipitated out of solution. The precipitates formed
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in antigen excess start decreasing in size and strength as total antigen
increases. Accompanying this is a breakdown in precipitate composition

and a solubilization of complexes. The antigen composition of the
precipitates reaches a maximum soon after equivalence and then decreases.

A rapid decline is noted in protein precipitin curves; but a slower decline
as that observed in the anti-carrageenan precipitin curves, is characteris-
tic of rabbit anti-polysaccharide antibody-antigen systems. This is termed
inhibition which may be due, at least in part; to a difference in solubility
of various antibodies. The anti-carbohydrate antibodies of horse and rabbit
are found primarily in the euglobulin (least soluble) fraction of serum
proteins; while anti-protein antibody is found mostly in the péeudoglobulin

(more soluble) fraction (Boyd, 1966).

(iii) Molecular weight of antigen in antibody-antigen complex

In the dextran-anti-dextran system, low molecular weight clinical
dextran (molecular weight approximately 60,000) caused inhibition in the
titration for antibody nitrogen much.more rapidly than did native dextrans
(moleéular weight c, 2,000,000); that is, the clinical dextrans were more
effective in inhibiting the reaction per unif weight than native dextrans.
Similarly, the mercury monomer of albumin was more effective than the
mercury dimer of the same molecule in causing inhibition in the albumin-
anti-albumin system (Levine and Brown, 1957). It may be questioned
whether the molecular weights for both lambda and kappa carrageenans are
similar enough to explain the similarity of the two antigens in their low
tendency to inhibit the precipitin reaction in the‘region pf antigén excess,
or whether this similarity is due‘to a fortuitous combination of molecular

size and reactive sites per molecule.
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A comparison of the kappa and lambda fractions extracted from
the same carrageenan sample showed that the lambda fraction had a higher
molecular Qeight: values of 260,000 - 320,000 for kappa carrageenan and
values of 330,000 - 790,000 for lamhbda carrageenan have been estimated
by Smith et al. (1955). Expression of the molecular weight of carrageenan
as a range reflects the polydisperse nature of the molecules. The elec-
trophoretic separation (Figures 7 and 8) substantiates this, as do the
observations of Cook et al. (1952).

In the present experiments, the molecular weights of both lambda
and kappa carrageenan in the precipitates were determined by the‘approach
of Boyd and Hooker (1934, 1935). p

The_guthors found that the ratio of antibody to antigen at
~equivalence in neutral precipitates was influenced by the molecular weight
of the antigen. The dependence was not absolute, but a high deg