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A phenomenological theory of mass transport for antigen—antibody reactions predicts many of the characteristic fea-
tures of rocket-immunoelectrophoretic patteins including the linear dependence of rocket height upon antigen concentra-
tion. The results of the calculations also have implications for the interpretation of crossed immunoelectrophoretic patterns.

1. Introduction

Although the original immunoelectrophoretic meth-
od of Grabar and Williams [1—3] has found wide appli-
cation to the detection, characterization and identifica-
tion of antigens, it is primarily a qualitative technique.
Relatively recent immuncelectrophoretic innovations,
however, permit quantitation of components in com-
plex mixtures. Among these new methods the most
promising are those of Laurell, based on electrophore-
sis of antigen into antibody-containing agarose gel,
crossed immunoelectrophoresis [3—5} and rocket im-
munoelectrophoresis [6,7].

Rocket immunoelectrophoresis is a one-dimension-
al method in which a solution of antigen is initially
placed in a well, located in a thin film of antibody-con-
taining agarose gel molded onto a glass backing. Con-
sider the case of a homogeneous antigen and its mono-
specific antiserum. Under the influence of an applied
electric field the antigen migrates out of the well and
through the agarosc. The antibody does not migrate
significantly since the operating pH (8.2—8.6) is close
to its isoelectric point. As the antigen molecules mi-
grate through the gel they react-with antibody mole-
cules to form soluble antigen—antibody complexes
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and specific precipitate. Migration proceeds until all
the antigen has been precipitated. The resulting immu-
noelectrophoretic pattern consists of an open-looped
line of precipitate having the shape of a rocket pointed
in the direction of migration (see figs. 1 and 118 in
ref. [7]). The region within the rocket can also con-
tain precipitate (fig. 12 and accompanying discussion
in ref. [7]). The height of the rocket is linearly depen-
dent upon the initial antigen concentration other
things held constant. If the test sample in the well con-
tains two antigens with different electrophoretic mo-
bilities and the antiserum in the gel contains antibodies
to the two antigens, the immunoelectrophoretic pat-
tern will consist of two lines of precipitate correspond-
ing to the two antigen—antibody systems, one line of
precipitate located within the other to give a double
rocket (figs. 3 and 4 in ref. [7]).

Crossed immunoelectrophoresis is a two-dimension-
al variant of rocket immunoelectrophoresis. A mixture
of antigens is first separated by simple zone electro-
phoresis in agarose or starch and then the separated
antigens are driven through a film of agarose contain-
ing multispecific antiserum by an electric field applied
at right angles to the initial separation. Each antigen
gives a line of precipitate which turns on itself to form
a bell-shaped peak pointed in the direction of migra-
tion. Sometimes the region within the peak contains
precipitate. The resulting immunoelectrophoretic pat-
tern consists of a set of discrete but overlapping pre-
cipitation peaks, the area under any given peak being
proportional to the concentration of the corresponding
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antigen in the initial mixture. Resolution is very high,
as many as 37 peaks being detected with human serum
and goat antiserum to whole human serum (see fig. 26
in ref. [3]). Identification of many of the peaks is dif-
ficult, but the use of monospecific antiserum permits
detection, quantitation of individual components, and
identification of specific gene products; e.g., a; anti-
trypsin (see figs. I and 2 in ref. [8]).

Crossed immunoelectrophoresis has been applied to
the estimation of plasma proteins in pathological con-
ditions; the analysis of microheterogeneity of purified
proteins; and the demonstration of complex formation
between proteins and small molecules. Rocket immuno-
electrophoresis is useful for monitoring fractionation
pracedures. Both methods are used to screen for hu-
man ¢ antitrypsin in studies on the etiology of em-
physema [9,10]. These important applications point
up the need for a theory of mass transport of antigen—
antibody systems which predicts rocket- and crossed-
immuroelectrophoretic behavior. A phenomenological
theory of rocket immunoelectrophoresis is presented
in this paper.

2. Choice of a maodel for the precipitin reaction

The properties of the specific precipitation of anti-
gen and antibody (precipitin reaction) can be under-
stood qualitatively in terms of the framework theory
of Marrack [11]. According to the framework theory,
which biophysical studies have shown to be essentially
correct [12,13], reaction of an f~valent antigen, Ag,
with its homologous bivalent antibody, Ab, in the lim-
it of infinite antigen excess leads to the formation of
the single soluble complex, Ag, Ab. The solubility of
Ag, Ab explains the antigen-excess inhibition of pre-
cipitation observed with both horse and rabbit anti-
body systems. In the limit of infinite antibody excess
the single complex, AgAbg, is formed. The fact that
antibody-excess inhibition of precipitation is more
readily demonstrable with horse than with rabbit anti-
sera is usually attributed to a greater solubility of
AgAby in horse antibody systems. In any case, as
antigen—antibody equivalence is approached from
either antibody or antigen excess, specific complexes
grow in size and eventually become insoluble so that
precipitation of a three-dimensional framework of al-
ternating antigen and antibody molecules ensues.

Several quantitative theories of the precipitin reac-
tion have been set forth [14--19]. Of these, the theory
of Goldberg [19] has been the most successful in ac-
counting for the features of the reaction, but the num-
ber of soluble antigen—antibody complexes of differ-
eni compositions (e.g., AgAb, Ag; Ab, AgAb,,
AgyAb,, Ag3Ab,, Agy Abjs, etc.) postulated to be in
equilibrium with the precipitate is too large to permit
formulation of 2 mathematically tractable theory of
their interconversion during transport by electromi-
gration and diffusion. Accordingly, we-have adapted a
simplified modei proposed by Pauling et al. [17,18].
This model assumes an idealized antigen—antibody sys-
tem consisting of a solution containing Ag molecules,
Ab molecules, soluble complex molecules Ag,yAb, and
molecules AgAb of limited solubility, s, in equilibrium
with precipitated compound AgAb (pp). Other antigen—
antibody complexes are ignored as is the known heter-
ogeneity of antibody molecules in serum. It is further
assumed that each of the two bonds in Ag—Ab-—Ag is
equal in strength to the bond in Ag—Ab so that the
equilibrium constants for the two homogeneous reac-
tions in solution,

Ag + Ab = AgAb (1)
and
Ag + AgAb = Ag,Ab, 2)

are 4K and K, respectively. Mass-action expressions
for the equilibrium concentrations of Ag, Ab, AgAb,
Ag, Ab and AgAb(pp) are readily derived as functions
of s, K; constituent antigen concentration, A; and con-
stituent antibody concentration, B.

3. Formulation of the theory

Theoretical rocket immunocelectrophoretic patterns
have been computed by numerical solution of the ap-
propriate set of transport equations for constituent
antigen and constituent antibody. The computations
are for the limiting case of rates of reaction so fast that,
in effect, there is local equilibrium among Ag, Ab,
AgAb, Ag, Ab and AgAb(pp). The salient features of
the calculation are as follows: Suppose that a two-
dimensional rectangular space grid with grid spacings,
Ax and Ay, is introduced on the film of agarose gel.
A small rectangular array of grid points in the space
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grid represents the well, cut out of the agarose gel. Ini-
tially, only Ag at a specified concentration is present
in the segments representing the well; and only Ab at
its specified concentration is present in all of the other
segments of the space grid. Migration in the electric
field is taken to occur in the x direction with diffusion
in both the x and y direction. During the first short
interval of time, A, following application of the elec-
tric field we calculate the change in distribution of Ag
and Ab due to transport. It is assumed that no reaction
occurs during Az, Ag and Ab migrating and/or diffusing
independently of their initial distribution. After the
concentrations have been advanced, the equilibrium
concentrations of Ag, Ab, AgAb, AgyAb and AgAb(pp)
in each segment are calculated from the appropriate
mass-action expressions. We then compute the change
in this equilibrium distribution of material due to inde-
pendent transport of the several species during the next
Ar; recalculate the equilibrium for known constituent
concentrations of antigen and antibody computed
from the concentrations of the several species as
changed by transport; and so on. This recursive calcu-
lation constructs the entire evolution of the distribu-
tion of material in the film of agarose gel from the ini-
tial conditions.

The rates of change of the concentrations due to in-
dependent transport are given by the conservation equ-
ations

3C;/at =D; 32C;[3x? +D; 32C; /3y —v; 3C;[3x (32)

for the species Ag, Ab, AgAb and Ag,Ab (i=1,2,3,
and 4, respectively); and

3Cs/ar=0 (3b)

for AgAb(pp). In these equations, C designates concen-
tration in moles per arbitrary units of vclume; D, diffu-
sion coefficient; and v; = y; £, the driven velocity in
the x direction where y; is the electrophoretic mobil-
ity of the ith species and £ is the electric-field strength.
These equations have been solved in a frame of refer-
ence moving with one half the velocity of Ag, which
introduces the new position variable, x'=x- (%) Ul
Eqgs. (3a) and (3b) are transformed into the moving
coordinate systems by makirg the replacements x"—+x
and y; — (3) v] ~ v, and adding the transport term
(3)v; 8C5/3x" to the right hand side of eq. (3b).

We now introduce discrete time and position varia-
bles

t, =nAr n=0,1,2,-,
x;=I1Ax’  1=0,1,2,~ L,
y; =iAy i=0,1,2,-,7J,

and replace the continuous variable C;(z, x', y) and

Cs (¢, x', ¥) by the discrete variables

C;(nAL 1AX', jAYY= Cy(ty, X}, ¥j) and
Cs(nAt,IAX', jAy) = Cs(t,, X}, ¥;)- Proceeding as in
a previous investigation [20] the transformed egs. (3a)
are approximated by the finite difference equations

C‘i(tn-{-px;: 'yl) = C‘i(tns x;: yi)
+[D; At/(AxY ) {Ci(t,, Xpey, ¥)) —2C; (s X1, 3))
+C;(t,, xp . ¥)}
+[D; At/(AY)2] {C; (1,0 X1, Vi) —2Ci (8, X1, 3))
+ Ci(tnvx;3 yj_l)}
i=1,2,3,4,
(4a)

—{lv; — (v 1AL/AX"} [8Cilgo,
in which
18 Ciltor = Citn> X1 ¥)) — Ci(n - X115 ¥§)
if [v;—(Z)vn1>0.
= Ci(ty. X141 V) — Ciltn- X1 ¥7)
it [y, —(3)v1<0.

Eq. (3b) is differenced similarly. Given values of C;
and Cy at any time, ¢, we can calculate their values at
t + At as changed by transport using these equations.

At each time, t,, ., new values of the constituent
concentrations of antigen and antibody are computed
from C; and Cy as changed by transport

chl +C3 +2C4 +C5 5
§=C2 +C3 +C4 ‘I'CS B

and then equilibrium is imposed by the following ap-
plication of the law of mass action: Calculate the
amount of precipitate from the equation

Cs =4 —s—[(1 +2Ks)/(2 + 2Ks)] {(4 —B)

+ [s(1 + Ks)/K + (4 -B)211/2} .
If C5 <O:
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Gy =31-0 + G2 +24/K)12],
b=[(1+2KA4)%2 +4KB (1 —2KA)|/8K?B ,
C) =(A -G +2KC3),
é4 =%(E—él '-63) .
éz = E - é3 - é4 >
és = 0 -
It Cs > 0:
é3 =5,
él = (:4_ — 85— és)/(l + 2Kg) »
Ci=t@—C -s5-Cs).
Cy=F—s—-Cs—Cy .
These equilibrium concentrations, é,- (i=1,2,3,4,5),
serve as the starting distribution of material for the
next time cycle of transport followed by re-equilibra-
tion. Given initial conditions and boundary values, this
recursive calculation allows one to follow the evolu-
tion of the rocket immunoelectrophoretic pattern.
The initial conditions depend upon the initial loca-
tion of the array of grid points corresponding to the

aatigen well. In most of the calculations the well was
approximately centered in the space grid such that

C1(0, 5}, 3)) = CRqs 20,51, ¥) =0,
l="2'(L+1)—21'" %(L“‘l)—lo,
=R+ -3 3 +1)+2;

C1€0.xp, y) =0, C5(0,xp, ) =CYp »
1= 5@ -2t~ 4e +-10,
]-7"—‘%(1-91)—3---%(]-(—1).1_2;

C3(0,x;) yj)=C4(0, x;, yj)=C5(0, x’[, y]_)=0 .
I=0,1,2,"',L, i=0,1,2,"',1,

where ng is the initial concentration of Ag in the well;
and CRba the initial concentration of Ab in the film of
agarose gel.

The boundary conditions correspond te reflection
of the molecules at the edges of the space grid;i.e.,
9C/ax’ =0 and 3C/dy = 0 at the boundaries for each
species. These conditions were implemented by (1)
making the following replacements just prior to each

time cycle of transport

‘é(tnrx;a yl) _}é(tn:x;v yO) k]

C(tn,x;,y_,_l)—’C(t,,,x;, y_]) +
=12, L—-1, n>0;

Clty, xy, 3)) > Ct,. x5, ¥7)

C‘(tn,x'L_l,yj)-*é(tn,x'L,y;) ,
i=1,2,-L—-1, n>0

for each species; and (2) integrating from I = 1 to
L—-landj=1toJ-1.

We found it econoraical of computer time to take
advantage of the transverse symmetry of the calcula-
tion. Thus, with siraighiforward modification of the
foregoiné Initial and boundary conditions, integration
with respect to f need only be carried over half the
space grid [i.e., from j = ! to 3(J — 1)]:and the re-
sults reflected through the longitudinal line of sym-
metry.

Computations were made on the University of
Colorado’s CDC 6400 electronic computer. The values
of At =30—50sec, Ax'=0.015-003 cmand Ay =
0.03 cm used in these calculations satisfy a stability
criterion analogous to the one used previously [20].
Driven velocities were assigned the values vy =
28X107%,v,=0,u3 =14 X 10 % and vs = 1.6 X 10~4
cn1-sec™ ! for the calculations presented in figs. 1 and
3—7;and vy = 1.04 X107%,0, =0, 03 =0.52X 1074,
and vy =0.59 X 10~% cm-sec~! for fig. 2. Diffusion
coefficients were taken tobe D =6 X 107, D, =
4X10-7,D3 =368 X10"7,and D, =344 X 1077
cm? -sec~ 1. The truncation error [21] due to the way
in which the first spatial derivatives are approximated
in egs. 4 was minimized {22] in calculations made to
three orders of approximation, with resu!ts which
show only small quantitative differences in the direc-
tion expected for convergence. Material balance was
excellent.

All calculations are for s = 1 and K = 0.5 whose di-
mensions are expressed in terms of moles per arbitrary
unit of volume. The results are displayed as (1) maps
of specific precipitate, Cp, = Cs, in the X'y plane
which correspond conceptually to experimental
racket immunoelectrophoretic patterns; (2) longitudi-
nal and transverse distributions of the several species,
eg.,Crp = C, versus x'; and (3) plots of peak height
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versus 7 or CAQ ‘Peak height’ is the generic term for
the distance from the center of the antigen well to the
tip of the immunoelectraphoretic pattern of precipita-
tion, the term ‘rocket height’ being reserved for fully
developed patterns.

4. Results

The evolution of a theoretical rocket-immunoeiec-
trophoretic pattem computed for initially heavy anti-
gen excess (CAE/’C’ Ap = 13.3) isshown in fig. 1. It is
immediately apparent that the calculation is quite pre-
dictive of experimentally observed behavior. Thus, the
gross morphology of the pattern of precipitate changes
during the time course of electrophoresis from that of
a blunted bullet (fig. 1A--C) to that of a rocket (fig.
1D). This change in morphology is dependent upon
the depletion of uncombined antigen by specific reac-
tion with antibody, and the pattern assumes the shape
of a rocket only after most (98.6%) of the antigen has
reacted. The rocket shows a distinct line of maximum
precipitation slightly recessed within an area of precip-
itation.
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Fig. 1. Time course of development of a theoretical rocket
immunoclicctrophoretic pattern in heavy antizen excess,

=200 and €4, = 15. Map of precipitate in the x’~y
plane: jn this and succeeding figures showing racket patterns
the screened area is the region of precipitation; heavy line,
line of maximum precipitation; and batched area, antigen
well. Time of electrophoresis is given above each pattern.
Note (1) the compression of the x* scale between patterns
A, B and C, D, and (2) the dependence of the position of the
antigen well upon z in the moving coordinate system as well
as upon its initial positioning in the x"—y plane.

The detailed morphology of the theoretical pattern
of specific precipitate for short times of electrophore-
sis is particularly provocative. As iflustrated in fig. 1B,
there can be an oval-shaped region devoid of precipi-
tate located within the area of precipitation and close
to its leading edge. As electrophoresis proceeds, precip-
itation occurs in this region (fig. 1C); but the longity-
dinal distribution of precipitate remains bimadal until
most of the antigen has reacted and the pattern has as-
sumed the shape of a rocket (fi g lD) This is character-
istic of patterns caleulated for CAg/C 'Ab greater than
about 4 and is accentuated by increasing the ratio
(fig. 2). Its explanation is given by the calculations
presented in figs. 3 and 4. All of the upper half of the
region within the blunted bullet presented in fig. 3A
contains precipitate; but as dramatized by the relief
map in fig. 3B, the precipitate is not uniformly distri-
buted. The most striking features are the bimodal lon-
gitudinal distribution of precipitate and the resulting
deep crater near the leading edge of the pattern. The
longitudinal anc transverse distributions displayed
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Fig. 2. Early time course of development of a theoretical
mcket»xmmunoelectmghoretic pattern in heavy antigen ex-
cess, C9 ae " 300 and Cy, = 15.
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Fig. 3. Theoretical rocket-immunocelectrophoretic pattern for ng =100, Cgb = 15 and ¢ = 3.78 X 103 sec: A, map of precipitate
in x’—y plane; B, relief map with electromigration from lower feft-hand coruer to upper right-hand corner and elevation propot-

tional to the amount of precipitate.
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Fig. 4. Longitudinal and transverse distribution of the several
interacting species for the rocket-immunoclectrophoretic pat-
tern displayed in fig. 3. A, distiibutions along the longitudinal
aJ_cis 9f the pattern: curve a, CN?; b, Cagiand ¢, Cpag, Ap- B,
distributions along the longitudinal axis: curve a, Capiand b,
CagAy- C, transverse distributions taken through the mini-
mum of curve a in A: curve 2, Cppi b, Cagiand ¢, Cag, Ab-
D, transverse distributions through the minimum: curve a,
Caprand b, Cagap- In A and B the position of the antigen
well extends from x” = 0.49 to 0.82 cm.

graphically in fig. 4 provide the explanation: The mi-
arating zone of Ag is centered at the minimum of the
crater which is a region of moderate antigen-excess in-
hibition of precipitation; and as expected there is a
superimposed zone of the soluble complex, Ag, Ab.
These calculations are for ngicgb = 6.7; for larger
nglcgb the concentration of Ag in the migrating
zone is still sufficiently high at this stage of electro-
phoresis to give complete inhibition of precipiration

so that the crater is actually a hole devoid of precipi-
tate. This is the case in figs. 1B, 2C and 2D. The results
of numerous calculations show that as electrophoresis
proceeds and the region of antigen-excess inhibition
of precipitation advances along with the migrating
zones of Ag and Ag,Ab, the concomitant reaction
leaves behind precipitate so that the crater also ad-
vances. At the same time, the constituent concentra-
tion of antigen decreases due to both rzaction and
diffusion of the several species, thus approaching equiv-
alence. Consequently, the crater becomes progressively
less deep until the longitudinal distribution of precipi-
tate loses its bimadal character and assumes an up-
ward pitch in the region between its rapid ascent and
steep decline. Along the top of the distribution

Cop > Cgb because antibody, bound into the com-
plexes Ag, Ab and, to a much lesser extent, AgAb is
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transported out of the central region proximal to the
antigen well and concentrated in the region where pre-
cipitation occurs (compare figs. 4A and 4B).

The coupling between the specific reactions and
transport, particularly the transverse diffusion of Ag
and its complexes counter to Ab, also accounts for the
rocket-shaped profile of the fully developed pattern.
This process can be visualized as follows: Pictorialize
the zone of Ag as a relief in the x'—y plane with eleva-
tion proportional to concentration. During electropho-
resis, the relief erodes away due to reaction and diffu-
sion such that its shape changes continuously from
that of a tall rectangular pinnacle to a rounded-off hill
with a relatively steep advancing face to a small mound
until Ag virtually disappears. The composite of the
time-lapse outlines of the migrating relief on the x'—y
plane has a rocket-shaped envelope which, in turn, de-

termines the precipitation profile. Diffusion of Ab into

the region of precipitation acts tc stabilize the profile
via mass action. .

A set of theoretical rocket patterns for increasing
initial antigen concentration at constant initial anti-
body concentration and time of electrophoresis is dis-
played ir fig. 5. The increase in the height of the pat-
terns with antigen concentration is qualitatively the
same as in analogous experimental displays (eg., fig. 1
in ref. [6] read from right to left). The plots of peak
height versus time of electrophoresis shown in fig. 6
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Fig. 5. Theoretical rocket 1mmunoelectrophoreuc patterns
computed for increasing CA at constant CS_=15and ¢ =
7.48 % 103 sec. The pinched line of maximum precipitation in
paiterns A and B appears to reflect our assumpiion of instan-
taneous establishment of equilibrium ard, to a lesser extent,
the simplifying assumptions made in the mcdel for the pre-
cipitin reaction.
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Fig. 6. Plots of theorencal peak height, A, versus f for in-
creasing CAg CAb = 15. The calculations for CAg 3 (anti-
body excess of 3 to 1) (broken curve) give a small, almost
stationary rocket-line pattern which on prolonged electro-
phoresis disappears due to solubilization of the precipitate as
Ag, AgAb and Ag, Ab at their iow equilibrium concentzations
migrate out of the region of precipitation. This result is to be
compared to the experimental observation that when anti-
body is excessive a virtually stationary arc of precipitate
forms close to the edge of the well.

also compare favorably with experimental curves

(fig. 3 in ref. [6]), the rate of migration of the tip of
the pattern decreasing with time as antigen is con-
sumed. This is particularly stnkmg at the relatively
low antigen concentration, C Ag = 25, for which mi-
gration almost ceases by 1.5 X 104 sec. Plots of peak
height versus initial antigen concentration for in-
creasing time of electrophoresis are presented in fig. 7.
Once again, the general shape of the curves and their
divergence are in accord with experiment (fig. 4 in
ref. [6]) although they do not extrapolate to the same
line at low antigen concentration. The singularly im-
portant result is shown in the insert to fig. 7; namely,
for sufficiently long time of electrophoresis the
height of the now fully developed rocket (more than
99% of the Ag reacted) is linearly dependent upon
antigen concentration from equivalence (C ic Ab =

1) mto the region of moderately heavy antlgen excess
(CQe/CSp =333).
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Fig. 7. Plots ot' theoretical peak height, &, versus C3 Ag forin-

creasing £, C3 Ab = 15. The computed pomts in the insert are
centered or error bars of length, 2/2 ax'.

5. Discussion

The phenomenological theory described above is
quite predictive of experimental observations even
though the model of Pauling et al. for the precipitin
reaction is highly simplified. The reason for this suc-
cess of their model is that it takes cognizance of the
fundamental facts that precipitating antibodies are bi-
valent; and that antigen-excess inhibition of precipita-
tion is due to formation of soluble complexes, pre-
dominantly Ag,Ab in heavy antigen excess *. More-
over, the limited solubility of AgAb also allows for in-
hibition of precipitation in extreme antibody excess.
In short, the model embodies several of the properties
of the precipitin reaction and thus predicts the general
shape of the precipitin curve,

The fact that the region within calculated rockets
always contains precipitate, except for the central area
proximal to the well, invites comment. Although many
proteins give experimental rockets characierized sim-
ply by a narrow line of precipitate; others give a dis-

* Arend et al. [24] have concluded that in the region of low
to moderate antigen excess the smallest complex as defined
operationally in the ultracentrifuge is predominantly AgAb,
at least in the two systems they examined.

tinct outer but a2 smudged inner demarcation: and in
still other cases the rackets contain precipitate virtual-
ly throughout the region bounded by a sometimes
blurred line of maximum precipitation. Also, crossed
immunoelectrophoretic peaks filled with precipitate
are not uncommon. Evidently, the gross appearance
of a particular rocket or peak depends among other
things upon the solubility of the corresponding anti-
gen and its various complexes with antibody [7]:but
the model of Pauling et al. for the precipitin reaction
does not take account of all of these parameters.

The theoretical patterns of specific precipizate for
short times of electrophoresis also have their experi-
mental counterparts. Thus, Laurell has obtained rocket
patterns with fibrinogen (fig. 12 in ref. [7]) having fea-
tures similar to those shown by the patterns in figs.
IB and 3B; and he recognized that such morphology
indicates that electrophoresis was stopped before all
the antigen had been bound. He has also obtained pat-
terns with amylase (fig. 19A in ref. {7]) reminiscent
of figs. 2C and 2D, the rockets containing precipitate
from the well to their somewhat rounded tips except
within a large oval zone proximal to the tip. In view
of our computational results, these patterns can hard-
ly be misread. The disturbing thing, however, is that
under certain conditions the complexion of the pat-
tern might be such as to be misinterpretable in terms
of antigen heterogeneity. This is more likely to be a
complication of crossed immunoelectrophoresis of
complex mixtures. Consider, for example, the crossed
immuncelectrophoretic pattern of Timothy pollen ex-
tract which shows six precipitates (fig. 21.1 in ref.
[23]). Of relevance to this discussion are the precipi-
tates labeled I and 2 whose relative positioning and
general appearance suggest that they might actually
constitute a single, doubly contoured peak of the sort
under consideration. Whenever such double peaks are
encountered in practice, experiments should be done
to determine the time of electrophoresis required for
exhaustion of the antigen by reaction with antibody.
Depending uoon the outcome of such experiments,
fractionation of the antigen either by isolation and
dissociation of the precipitates or by some indepen-
dent method may be racessary for unequivocsl proof
of heterogeneity.

Finally, the power of rocket immunoelectrophore-
sis is that it is a quantitative method of analysis for
antigen, the height of fully developed rockets in-
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creasing lineardy with antigen concentration other
things held constant. It is gratifying, therefore, that
the theory gives this relationship.
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