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INTRODUCTION

Although the electrophoretic phenomenon end its assoc-
iated measurement has been noted and studied to some extent for the
past 150 years, it has only been within the last decade that their
study eand use has been of any practical value. In 1937 Tiseliusl®?
introduced his apparatus for electrophoretic analysis, and since then
its application has found use in meny and widely varied fields of
scientific research. Continued improvement of apparatus and techni-
que and study of the bssic principles involved is ever widening its
scope of applicability.

The first work in this field was in 1808 when Reuss, a
Russian physicist, observed the flow of water through clay (electro-
osmosis) under the influence of an impressed electric field and the
migration of the clay particles in the opposite direction (electro-
phoresis). In 1861 Quincke made the first actual measurements on the
migration of particles in fluids due to an impressed voltage,

Besides the early important theoretical studies by Helwholtz,
on the origin of the electric charge on colloidal particles, our know-
ledge in this field was further advanced with the discovery of the
relationship between current and the electric field by Chm in 1827,
and the lews relating electricity and chemical change set forth by
Faraday in 1834. Cut of these basic investigations and the more
recent work of Longsworthse’ 89 and Dole46, we have evolved the
moving boundary theory upon which the determinations and calculations

of electrophoretic analyses are baseds



BASIC PRINCIPLES AND THEORY OF ELECTROPHORETIC AXALYSIS

Colloidal Particlese

Colloidal particles, in general, ere electrically charged
with respect to the dispersion mediume This was stated in Coehn's Law
that if two heterogeneous substances are in contact, the one with the
higher dialectric constant is positively charged with respect to the
other. Since water has a high dialectric constant (E_'.= 81), it is
usually positive. Coehn's Law, however, is not absolute in certein
casesle.

In the protein molecule there are & large number of amino
(NH3+) and carboxyl (CO0T”) groups which act as if they were on the
surfaces These determine the net charge on the molecule, and since
it is constantly taking on and giving up H*; the instantaneous charge
is a small integral number, However, the statistical nature of the
charging process allows the time average of the resultant charge to
be fractional, and it is this fractional nature of this net charge that
makes possible the wide variety of electrophoretic identifications at
a given pHe At a very low pH, the protein is charged predominately
positive by the protons attached to the substituted ammonium groups
and therefore, migrates to the negative pole; at a high pH the protein
is predominetely negative by a loss of protons from substituted ammon-
ium groups and carboxyl groups end therefore, goes to the positive pole.
At the isoelectric point there is no net charge and therefore, no migrs=-
tion,

Origin of the Electric Charge on Colloidal Particles.

The nature end structure of this electric charge existing



on and about colloidal particles has been and still is a subject of
much discussion. For a critical analysis of these, the reader is
referred to a discussion by Reimerls. The early work in this field
was done by Helmholtz end Lambss. In their hypothesis they consider
that the two phases become charged in a manner like electrification of
frictional electricity. They also asssumed that the outer oppositely
cherged ions were concentrated in a single layer at a definite distance
fron the surface, the so called "double layer."

The Freundlich-Bencroft®® hypothesis, however, states that
the charge is due to the selective adsorption of ions and depends on
the relative adsorption of cations and anions. Briggs18 stated that
every solid has & specific adsorbing power for a given ion which
depends upon the specific surface of the solid, tempersture, cencentra-
tion of the ion, and other ions present or previously adsorbed on the
solide The possible sources of these ions would be the dissociation of
Hy0, solution of the solid, snd extra ions added to the solution.

More recent work°® has tended to show that the charge is due
to an orientation of the molecules of this liquid at the surface and

within the pores of the solid.

Structure and Properties of the Electric Double Layer.

Since the electrokenetic phenomenom cannot be accounted for
on the basis of a rigid double layer, various hypotheses have arisen
to explain its structure and propertiess

Since there must be a "slip" or "give" between the layers,

it was thoughtso that in electrophoresis, for example, there must first



be a poliarization of the colloid medium system (solid-liguid phases),
followed by a transfer of the charge on the layer made up of the
molecules of the medium (1iquid) to other contiguous molecules, In
this way the particle is "handed on™ by the molecules of this mediume
The Gouy-Deby 'l:heory54 postulates that the outer layer,
instead of being sharp, consists of an ionic atmosphere with the charge
density decreasing to zero from a large valve at the surface, end gle
though the effect of diffusion tendency is appreciable in the outer
part of the double layer, its influence on the rigidity of the inmer
part is small owing to the very large adsorptive forces. The thickmess
of this diffuse layer is defined as that distance of separation of an
equivelent Helmholtz layer of charge, Q, which would produce the seame
potential drop as ¢n the diffuse layer. The potential differencell®
between the particles of radius, R, and the assumed Helmholtz layer of

radius Rz is:

o »R. - _ QR,- ‘R‘
Vt"Va :/{ bg\?‘\.&r - “wﬁm)
' a

Q 5. charge on the particles
D » dialectric constants

This drop in potential in the diffuse layer is termed
the zeta (§ ) potential., As expressed by Stern54,

S_.ﬂ.__w‘re.s_
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e charge on unit surfece.

§ = distance between the sides of
this double layer,

8 8 dialectric constant,

Stern considered the double layer to be a comdensor, one side
of which is the solid surface having attached to it a rigid layer of
approximetely molecular thickness end beyond this a diffuse layer ex=-
tending into this liquide Part of the electric charge is concentrated on
this surface and the fall in potential in this fixed layer is sharp,
while the density of the charge in this fluid diminishes assymptotically

to zeroes The total potential fall in the two layers is the epsilon

potential, (€ ), while the fall in the diffuse layer is the § potential.

Calculation of Electrophoretic Mobility.

The determination of electrophoretic mobility is of great
importance in interpretation of electrophoretic patterns and in the
identification of proteinss This can be done directly or indirectly
depending on vwhat measurements are available. In general, the quantities
needed are the distances moved by this boundary and this electric field
strength.

1

Beginning with Stokes' Law 15 the particles will tend to

migr-ate with a velocity of

v - £2

bmvY]

E
vn
R

However, due to the backward drag of the ionic double

impressed field in volts/cme
viscosity.
charge on particlese

layer, the velocity will be lesse



Y = DES
= = "‘1 ; |
D = dialectrio conﬁtanz for a
particle so sm.ll thet the
distortion of the electris

field by the pt.rtiele is
negligible. ;

For larger particles:
DES

V=

By using ‘the development of aguaticns rm- tha @léomv .

osmotic. flow, another equation for velocity can be o.rr;iwd a#isﬁ' o

A w s v#%eeiiy ef mo;

‘i) = _oross section o{‘:ﬂbhgﬁagikl&m o

tube. e
E = E'MF of: ‘the elzotric t‘ield,

An electric double layer is famed at the sna-f qt‘ the |
contaot ~of tube and liquid. Assumo the solid pertion 9:!' the d’.auble’
| layer is not in the solid ifself but in *bhe film of 114; A
’immovaably to the solid, then the frictional force, f, resisting the
| moving liquid is direct«ly proportional to the ooeffio:),_ent ef visceaﬁ;y,V“

Y the velocity and the area of the moving surface of the alectria k
_ double 1ayer and inversely proportional to the diatanoe, S bomen
the two sides of the electric double layer.

' Therefore , for a unit ':sn,rf,ace, :




but since o =—%—- o B (g).

where V = volume of flaid passing L
through & cross section in & unit time.

If e is the charge on & uni.’c surfece of the moving si.de of the electrie
-double layer and X equals the pc‘hential gradient in 'ahe tnbe,, then‘%zr #
the electrlo force acting on a unit surfaee of the maving layer is
eX, Since this is the force necessary to Just overcoma ’che frietianal
foree and impart & constant velocity to the moving side of the elee‘&rio

double laye_r,’ *bhen

eX = S‘b | (4)

If we regard the elsctric double 1ayer as & condensor of potential 3 in
& medium having a dialectric econstant, 8 its oapaeity per wnit area
is

_ £
Al

2.
S

g = Nmrde ‘ R (5)
6 o
Equation (4) combined with equation (5) is

=Hﬁnv'
e
CR€8X

“Then eque.tion (2) combined with equation (6) and if a partie],e is :



‘stationary in the tube and the liquid.is moving past it,

u = veloeity that the £luid moves '5,‘IVW‘A

past the particleof: '

Then if the particle is free to move and the fluid is atationary, it
must move with the seme velocltya This, then, would be tha volocity of b
ele#trophoresis. | ‘ ; , '

The third method of srriving at electropherstic mbbility'vig
as followsd. The foree of en electric field on an ion :is proportianal
o the rate with which the potential is changing with diaf&ance (pote:fbial :
gradient) at that particular pointe The potenkial gradient-is gre&bsst |
‘in the electrophoretic oell becaase here the cnsss seotian is smallest
and, therefore, the resisgtence is the highast, (The crosa sectlon cap
be calculated from the weight of Hg necessary to f£ill a definite height
of each limb). If q is the cross sectional area, the potential gradignt
or elestric field atrength, E, (in volts/em) may “be egleulated from,the
eurrentvflowing, i, (in amperes) md therspecifiekcpnductivity of the
“ ‘solution, k, (in Ohm=' em:')e ‘ ' )

;‘The current is. reassured with e senaiﬁivD milliameter
- op & potentiometer and a mown resistance.,,,, T
" The specific conductivity is calculated frem the ~ - -

resistance, R, of the solutiom in & conductivity eell
of constant, C. -

RER o B

If the passage of curremt, i, for time, %, oauéés}ajp?étbinfbénndary«tg’w"

8



de‘:sce"nd,‘vgb,x cm., then Ax q P grams of protein have béeﬁ %f&nsperb‘ed»-iﬁto;
the bottom section of the u-tube (P = grems of protein/ml. of prctein
aolutién); The amount of protein '!:ra.nsperted inte tha bottom sea‘kion

may also be expressed in terms of mobility and is u'E pvf; q-P where
u-E-pot is the d:.sta.nce moved by an aversage protein msleeule in ’che

body of the splution. By equating t:hese expressions -and sclving i"or u,
we get '

s XX ; e

tA::V

Since

Axq = velume g:mpt through ag i ‘
'~ ‘the boundary-whez. ene kY
L f:qaulcnb pgsses tl;rough d;hq

Equation (7) can be written in terms of the volme ‘swapt through by the

descending boundary per coulomb Vd.

= Vg X, @
The sign of the mo'bility is the same as the ehargé on E{:ﬁe‘ ién-; If t;he' :
descending boundary is symetrical the dis‘bance threu@ whlch the- ma.ximm .

ordinate has moved may be used to calculate Vd. If not syme‘brieal the

centreid ordinate should be nsed85




The Moving_ Bonndary Theaxz__

Moving boundaries are also use& for the dotermimtian of . v
mobi‘lijties and transferenee'nmnbers of inorganie iong?. ‘ Ihe ba:gi'g ‘-thsory:’ -
~As w’el‘l worked out for simple mixtures, and milzhié ,‘}‘xas /the:; .bee‘nrez!;a;g:dﬁefdi o
to include more complex mixtures such as plasma. o | _

’.l‘o derive the relationship between ion mobility &nd tmzfer— ‘e

ence nnnbers, we must consider the speecific condue*bivity, K. .
K = T{"’ ok 'n:,‘ c.w:\ ;) (2) o

R is resiste.nce mshms of . co}.m

of conductor of eross sectien area, q,k o

and length 1.

Substituting E/i for R by Chm's law

K= 2= O ®

Therefore, K equals the:'éqni-ent in amperes carried vthx'-qngh' a ‘ohei ol oube

of conductor between two eﬁposite faces differing inﬁ"p;t‘enigikal}iéy énef i
volte | | ‘ ) '
For solutions of electrolytes, the current is equal te the |
sumation of the rates of transport of elsetric change by the differen‘l:
ion species, If there are Cj Farada.y equlvalents of an ion per li'her |
of'éolutien and this ion has & mobility of uj cn. volt,: sgggﬁd » the
electric cha;egg'éarried"by ‘bhe‘ion through a squsre om. croéé #ectignal
area perpendie\ilér to the electric field in one s‘ey,cond peruni’s of poten~ _ ,
tAial gradieh'b is uy Cj/ 1060 equivélents. To gei; current in ,ainp‘eres ,

(coulombs/second), this must be multiplied Ey,t‘he n@bef of ¢oulombs
in an gquivalent (Faraday's constent - 96,500),

10




Transference No.= Ti=_"4 = . : —“}Sﬁ —(5).
3 T W E A wCr g u

From eguation (4) we get

Ty - e @
Jb ‘1'60;00 K S e

These equations give the relationship be’(:wqevn mobility end trgasfer@?ﬁg T
numberse o _ . ” : | v &
The fundamental law in the study of moving iound.#riesg. is the o "
moving boundary equation which relates the disélaomx;‘b of a separated |
single boundary and the concentration -tx‘ansfe'reﬁg“e 'nﬂnilbérs""a‘f“:#he 1m
in the homogeneous solutions on either side of theboandazy,In the o
case of proteins or other ﬁsak"electrolyhes, this‘:e’&uaf;t;iagi*ii: é’PPiieaﬁlé‘
only so far as the buffer mainteins & constant pH. . | | - _‘ f . |
- As considered by Longsworthss, a boundazv, e, 'between solutj.ons,
« and (3 , moves against the current, 1, through a volgma, V"ﬁ(li’cer/
Faraday) corrected for the electrode ree.ction to tha posi'hicn, b, on
passage of one Faraday equ:.valent of eleetriclty‘(ﬁgu:e 1)e

So\:y\ ok

N A

SaVa (3

11




If C‘;; is the equivalent @n@éntra:bidh bkf:hén)ani-éz; cgns;fgituenﬁ‘,* 3y ;m |
‘solu‘ddn‘ & end -Cg its concentrati‘on in @ solution, the num‘ber of o
equivalents present imtie,lly 1n V"“is C‘gV“‘eand after the puaage of
ourrent, C% V** . Also & number of equivalen’cs of J ion Qqual o 11::
transference number, T% s in @ solution simnltaneously an'her thia vol— e
ume - through the plane a‘h a., while T,b equzvalents leavo throw bhe plane :
et b. B? applying the Bu‘ of Gonservatien of Kass to j 1on in V“" , a

we ge'h g
TR-Teevee(ey-)) (&)
V“":l.s positive if it moves ‘with the eurrent.' A sini]:ar equation can

‘be derived for a cation it C*J is given the sig: of the charge on the ion.f e

. If-one jon is absent on one side of the beund*ary;‘\ t;_

t 48, 1t

disappears on the boundary, equation (6) becomes

H=vaey

This is the ususl case with proteins. By sub‘stﬁbuﬁing;qua;ﬁcn (7) for | F

'Tj in equetion (5) end solving for u, :
A8 L
V., = volume in om.® soved 'bhrough by §
boundary/conlomb. ‘ ,
This is the same as equation (8) under caleulation of electro- '
phoretic mobility. :
- To diseusa the concentration cheange at this position of- the initial bcundary
which gives boundary anoma.lies, memust introduce the regula'king function,

W, s discovered by Kohlror:tsh6 ‘

1z .



w o= -{éL-+.£E£-+- xSy o (9)

This quentity remains constant for any given level izi'?the ’eiecﬁraphoieeie"f
cell regardless of the number of boundaries which pass ’oy thet level.

Thus f,‘or & moving boundary, w must have the same valus in the m soln-{
tions on either side. Hewever, for 8 g‘hetienary boundary, w ha.s different
values‘in the ‘solution on eithe-r eide. The ra’eie er t*hsa valuea of w for
two solutions separated by a stationary boundary is eq;ml “to- the eeneentra-k

‘tion across the 'boundary.

"’( ' g | A L Gl
wp ,<:,‘3 T Cat R e

In the case of censtent relstive iopn mebilities, &s in Dole‘a é%e'«!:le}_:me:zﬂ;M

all’ ionie speeles are diluted by the same factor at the ste.tionary ‘bou‘ndary. -

Here slthough relative mmutie‘ ere constent, the absolute ien mbﬁities S

" very somewhat because or a differenne in salt concentrétien and viscosi’cy.
If the preteln solution is diluted with the unieni;ed ps.r'b of‘ the 'buffer
by the factor before eleetrepheresis, the § and € houndaries _disa.ppee.r
beceuse of the equality of the regulating func‘biogs 92,

A complete theoretlcal descriptien of the boundery displeee-
ments and concentration changes through the bozmdaries ocould be’ obtaiued
from the composition of the original solutmns, the éitferential equations
of continuity, the electro-neutrelity requ:remenbs and a specifica’bion ef
ion'mo‘bilities as & funetion of composition. Thie 13 gnly preetical m a
simple case of three ions; however, because of the interrolat«ion e:‘t‘ diffnsq-
ion and electrical migration in this case, it cen. enly be done ir mobils.ties:z -
are regarded as constant. " To avoid mathematical cemplexity, a_n eque.tien . |




cen be developed in a fom independent of the parhlcular path ’oy which. ‘
ion omcentration ehanges betreen pheses. ’ ’
Dole' 46 general solution for the moving boundary equ&tion L
assumes only that the relative ien mbil:\.ties are constant. rhus,- e
sy’stem that oontains n ions will, in general form & maxim of n—l N
boundaries, one of which is & stationary boundary Ir the sys'bem con-
tains p anions end q cations, there will gemerally be 3-1 botm&ar:les with
a negative velocity and gel ‘boundaries with s positive valocltyq If,
however, we use only relative ion mchilities, L fa )- e r as in ﬁole 's .

theory, we must define a relative specifio conductivity,‘

o~ =vC ¥V Cavcrir Oy (11)

This is enalogous to specific cmductivity. The Vg products (whsro V=

volume moved through by the boundary/*?ara,day) are eb'hainad 7y solu&ie,n of

polynomenals of the type. : : " R R .,"f

fmfn gty Yas ""‘C +'“+A.-.J—-A“' G (12)
v,7 X Va X (.n‘ ‘\—X
If the values of x are ordered frcm the extreme ne‘gative to the mos*b
positive, these correspond to the Yo products fer the boundaries from |
the one with the most negative veloecity to the ome with ’theyﬁpst'pggift‘ive '
velocity. :
The concentration ohamées of keaoh} ion species ‘across 'ea.eh NOV~ -

ing boundery may be obtained from

cl= (.V’“a‘ﬁ“’b “"ﬁ\"/"ﬁ c? o (as)
? ("‘%\'(V*Bo\@‘f‘a) 2

la



e Ty ] relatim mbility ef‘ thﬁ ian .
species absmt in solxthion .

From the above equat:.on, one can then eomptrbe the &n&lysis of en assuma ‘
mixl:ura. For 8 more extensive discussion of the mving boxmda.ry *bhaory, v
the reader is referred to the work of Dole46, Hochsz,r and ‘Alber‘by o

Sources of Deviation from Ideality.

The mein deviation from Dole's theory is cansad 'by varintians
in protein mobilities from smll alterations in pH, I'hus, his ass‘umpﬂmn
of constant relative ion mobilities is not strietly nlid.

Further errors are introduced beoause with ﬁhe above mubicnﬁd
variations in pH, the charge on the protain molecules wiIl also wry. _
Also the size and shape of different prot.e:ms wﬂ]t effeﬁ,ct‘ their 'mqvemerit‘
through any viscus mediae | o

In additioﬁ, a diffuse ioniec atrmo sphere surif,oundé ay ien, o
especially those of a larger size. Tho'electrié field ,;1_11 {a.et‘ mﬁ' ’shis
atmosphere as well as on the protein ion, end since ghlefions of th&-&.mh -
phere are predominately opposite in charge to that vof;'bh(e, ~protei;n; they
will ’cehd to move in a directipn opposite to ﬁhat of t:he‘v‘pmt‘ein ions. |

This effect will then be transmitted to the liquid itself,

15




APPARATUS AND TECENIQUE

Me‘l:hod of Study.

In general, the mothods of studying eleotropharests may e
divided into two types: the mlcroscopic method and the: moving beunaary
method. With the first method, the particles under study are neutral ‘
particles which are coated with the substance being inxastigated and are '
sctually observed end their mcvements ‘me agured microscepieally.‘ Sinae -."'?"j -
this method is not widely applieable to the study of protein mixbures,
it is only mentioned here for completeness.

However, a comperative stndy of nncro and micre eleetrepharatie P
énalysis of human serum?4 showed goed agreement by beth pethads as-tq\, »j‘
mobility md percentage poﬁpeaition,df*varioﬁs components. |

The ﬁoving B&undary msﬁho&;ﬁéhieh‘is th@‘oné;usednﬁp_itudg ’
‘proteinkmixtures such as,serum‘and plasma, invnlvagkthé formﬁ#iénof ;f 8
series of invisible moving bounderies each eorrespohdiﬁgffoﬂa“éifferénk .
component of the mixture. These boundaries ‘are then viaualized emd .
measured by means of various types of optioal systems. The nﬁving bonndary;f:
method was first used as early as 15068; however, it was enly after ‘the
1mprovemants of Tiselius157 that its application beeame widoly nsed.

The moving boundary method had many difflcultiesvﬁhieh had te
be overcome before it could be of any practical usells; Protelns mnst
be in a salt solution thus meking the current high which wbuld rasult in
mixingiconvection from the generation of heat. Also prateins usually'hava
a2 low electrophorgtic mobility and differ very little, one from anathsr’in R
this respect, necessitating e long tube in order to get’adgqégte sQP#rae'{:if

tion. And finally, proteins are usually colorless end mnot easily obseryéd;i 

16 .




With the use of the Tiselius apperatus, manyof these g:j;fﬂ-‘-‘ e
culties are overcome. By using an electrophoretic ee’llof reetangular |
cross section to increese the dissipation of heat and & low tenpera'lmre :
bath to maintain a ‘cemporature near that of constant demity fer the
solution, convention curremts are eliminated. Since buffer e&n be’ forceé:
in the oppesite direction to eleetrophoretic flcw, thq gnp.lyaea um{h{_g'
greatly prolonged and better separation can be obtaiﬁgd'.’ With large :
volums of btuffer between the boxmdaries,‘ and eléctx:‘-odgs__},j a aoas‘tan‘b pE
is msintained around the protein molecules and byus:mg lgl‘rgb Ag/&gGl
electrodes, the volume change resulting from gdls'“:fc‘;zﬁé%fien a&i&ddﬁf&
~ lytes is minimized‘ | | | L |
Apparatus. \

There are’ sevérai bﬁsic ﬁeeésﬁities which aré nééess‘aﬁv iﬁ‘ a
moving boundary type of electrophoretic a,ppm-a.imsg0 in erﬁar that ‘lsho
measurements obtamed by its use may be valide 1In general, they ‘are as
follows: & sharp boundary must be formed between a solution of the
meterial to be studied in a suitable buffer and the byszar iﬁsel_f_; the
electric field ad pH in which these boundaries sre formed ,hguia ba |
congstant; the electrode processes should not involwve thé’évﬁluti#n‘of
ges or other uncertsin volume changes; and finally, ‘th-e" eiéctrodg pz:oduet'
should not resch the regions where the boundaries are moviug. ’ I’k;eéé |
necessities are fairly adequately accounted for in the i’i‘séiﬁsls’l a‘pééra.
tuse | - |

The apparatus itself consists >cf three basio ’ini.ts (Flgnm I.‘)é

"A"™ is a horizontal slit illuminated by an adequete kligﬁ‘% soﬁ’re’e',‘ "B-” '.ise
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made up of the electrcphoretic cell 1tself with its auxiliary'aqnipaent
 and & low temperature bath in which it is suspended, md *C% is the
optical system for recording the boundaries ‘and ‘their-{ mvamntg. This ia
equipped’ ‘either for direct visual obéervﬁtion or photograph‘le 4reg~gac1?;‘;q,'b;.,o§,~
These three basic units are so atteched to the lengitf;gig‘sj.l mtaltraet

that they may be optically oriented with respsct to ,_eiadhiﬁthet;

Figure I,
R B C
4 L b ‘

In Figure II. are shown the basic détai‘ls o‘f:t’h; ei:éct:fdph;g; o
otic cell itselfe It is composed of two portions, the "larg'er dj}ialate»ci}irj | |
section, A; that contains the electrodeé and the smallér e,apiiléfy‘ pox"»ktio’n,:i
B, in which the boundaries are formed. The capillary porbion is eempesed |
of three sections, I, II, end III; the middle ‘gection being moveable in 5
horizomtal direction independent of the other‘ two. The movemen’cs of thiae o

sections are controlled by an auxillary gear mecha.nism. The tschnique
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will be discussed later,

Figure II,

— I ~N
’  - | :
II —-ﬁ

]:[E'

The original Tiselius electrophoretic cell had two short mavaable cantér
sections. This type of cell is still used to same oxtent for ﬁhe raoevvry B

of an isolated component; however, the nSW'type of - cell has & greateu” =

disteance over which the boundaries cen be spread and thus affords better.
detail of their structure®®. Most electrophorotio unlts hava a cempensateréiil
connected to one limb of ‘the cell. This allows the eperator to’ prodnce‘:
smell carefully controlled pressure changes in that half of the tuhg,;,Q
and thus control the level of the boundaries in the capillary pqrtien_""‘
of the tubes ’ | , Sl R
The electrodes a£a of théiAg/AgC1?ty§e.fﬂTthfﬁés£ ba~eapaﬁle
of oaérying 30 milliemperes for lOng”Qeriqu‘wihh no gé#iﬁﬁa%ﬁtibngé.

Sufficient capacitence is obtained by using an Ag strip wound in a tight
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spiral for the electrode. On passage of the current, the 'r‘eggtiozz et
the electrodes are as follows:

At the enode (+) Agte 1 —> AgCl+ e
At the cathode (-) AgClte —> Agt o+ 01

. Thus, no gaseous electrode products are formed. The third unit of the
apparatus which is composed of the recording appara'bns will be discnssed
-in greater detail in the sectisn on optical methods. Basically, it is
made up of a Schlieren diaphra.m or lens, K, at the proximnl end of a
hollow tube, Jo At the other end, G, 13. the recording photegra:ph,el‘
plate or ground glass. | f | |

Optical Methods.

Since the bounderies formed by protein soluﬁions axro usuall-# i,; -
colorless, some optical method of their visualization mus‘b be used. I_nf
general, all these optical devices are based on the ef\feet enployed hy
Fougault and Taepler for testing lenses and is called *’bhe Sehlieren :
(shadow) method. These devices are of two typesn . Tha Sohlieren  :; N
7 scanning method of Longsworth 82, 88, 92, and the eylindrical lens ‘

chhlieren method of Philpot with the mod:.fic&tien of . 3vensson]'54 , Gnly'i e
' the basie details of these me‘l;hods will be d:.scuased here, end ror greatcr
detail, the reader is referred to the or:.ginal s.rticle.k '

The patterns from the above mentiened_methogs ‘show tlie refr;tétivé
index gradient (dn/dx) in a thin layer of solution in ‘the channel c;n .:*bhe
ordinate as a function of the height, x, in the eell on the abciﬁsa.

In the Schlieren scanning me‘l:he«dz2 (Figure III.) menochromtin '
light from the horizontal slit 1 is focused by the 1arge lens, . L st F

in the plene across which diaphragm, D cen be moved,:
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The cemera objective, L,, focused on eleotropho:eitife @11, C, produces

on the photogrephers plete, P, en image of that part of ¢ in wﬁic‘h"vibh»e :

protein is migrating. If rs.y A passes through the solution zﬂa:e»re!ﬁh‘e
gradient of concentration of protein is highest it ‘will be ben‘b a.nd

cut off by D, since the gradient of refraetive mdex vtill alse be greatest
at this point. Then corresponding to the level in the 0911 through whidx
A passes, there will be a dark spot on a positive of the photograph. Thia :
is shown in Figure IJA by a dark spot in seetion A which is the f‘irst of

a series of photographs.

Figure IV




The rest of the’ photographic i)late is cﬁecured by s ple.'t;ein which ’th‘e;"e' L .
is a vertical slit 2 which admi‘bs light the width of fl,a‘.; For the second f“;l»;j
photograph, P is mved in a horigontel direction ormththearrw i
Figure IIA, and D is moved up thus cutting" off rays ben’b f 'siz,ighuy'leé;‘ R
than A as well as A, Therefore, the second derk spot n sl;ghtly wider

than a. This process is continued to tuild to the paﬁtem in Figure m

In practice, P and D sre coordinated with gears and mve eontinuenaly |

:wi'bh a motor, For reading, the Sohlieren dia.gran ‘the pattorn is zota:bed

 90° as in Figure I¥B. H is a mark on esll C. This semg a5 a bese in e
calculeting the level in C at which there is the gre&i:est ehs.ngewf r@frvclse»;d:-jf
tive index. N is the base line of the pattern. Ideally, i.t is straight

and represents levels in the cell at ‘which the solutien in the eell is
homogeneous. o |

The mathemsties of this mthedgo are derived frem ‘khe fa.et ‘ahai:

the sngular deviation of o pencil of light in the bonnﬂary is proporbion&l,f

under proper condit;ons, to the gradient, dn/dx of 'bhe rafrte‘kiare im!e x
and the honzonta.l breadth, a, of the boundery. The displacemt, A s

of the Schlieren diaphragm necessary to intercept the dai'leeted peneil \i

proportional to the optical lever erm, b, of the epparetee;\wthns_:r L

on = ol A‘_"/Jx' |

a+b are constan’cs for the matrmnt. S
dn/dx_varies vertic&lly throﬂgh the
Mmaryo .

. As the Schlieren diaphram is raised, the. first penclls sof llght to be

intercepted are those from the steepeet gradient of rof i{b‘ivt_e, mde;;, o, e
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the center of the boundery. With inereased displaeeimnt of’ the dia.phran,

we would get an indicstion of the refractive index through the boundary,
Since the refraction power of a solution is proportional to the cencen#ré‘..-‘i_
tion of protein, quentstive estimates of protein concentration ean be
derived. If, as was noted above, there is a slow simultaneous horizontal i'-f
movement of slit 2 snd vertical displacement of the srthkifer‘en dfiaphéam,
there would be produced on the photographic plate, a trensparent area

proportional to f Adx . Then from equation (1), we get,
j’-\&" = j@«e"% dx=abpw

AW T the refractive index 'ﬁsrémht -
due to the protein censtituent
| causing the boundary,

This may be applied to the quanmtetive ealysis of protein mix-

turesal’ 82. “ | :
With the oylindrical lens method of Philpot, (Figure V.), the.
illuminated horizontal slit is focused by the Schlieren; lens, S, in thq ,
plene of the Schlieren diephram, Ds The latter containsg a diagonal 's‘li.‘t,, ;
kk, as shown in D's The camera objective, C, is i‘ocuse& ont he éléc‘a:q- |

phoretic cell, E, end forms in the absence of lens, H, a normal image of

the cell on the ground glass or photographic plate, G.
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Pigure V,

The cylindrical lens, H, with its axis vertical, is focused on the
Schlieren diaphram and alsoc on the plate, G. Viémd‘fromlthe sid9 |
(Figure Va.) H has no effect on the light pencils forming the cell

imege. Thus, the vertiecal coordiné:!:e of each point in the image ia“c‘oni-'-( |
jugate to & eorresponding level in the channel of the Eell, E, and, owing
to the focusing ac‘bioﬁ of lens, €, this:ralso remains true for peneiis
that may be refracted by gradients in the channel. Vimd from sbove,
however (Figure Vb.), the cylindrical lens, H, in conjunoction with the
diagonal slit in D, causes & latersl deviation of e pencil of light

that is proportional to the vertical deviation the pemoil suffered in-
the boundary. The curves At’ko the right in Figure V. ri_ep;'esent‘ﬁhe‘ pé.i?ﬁgrns

of boundary, B (in Va.) es it would sppear on the screen if the latter
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were hinged at the side and turned toward the reader; In Vb, therpattern ‘
is hinged at the top end turned. |

If the fluid in the cell is homcgeneous, all the light through
the chennel is concentrated in an image of the slit at the upper or ‘
normal level of the diaphram (L' of D'). Only the extreme left hend
portion of the light in this image passes through the diaphram to form
8 straight vertical line; ie., the base line on the scroen‘(;4f)§ i
there is a boundary in the cell, a pehcil through théjmaximum gradient
is deflected downward as d'~d and forms an image of the slit at the
lower level, d', of the disphram. Owing to the anglé:the diaphram s;if
mekes with the vertical, the portion of the light in the lower imege,
d', thet enters the slit is shifted latterally from the positien at which a
the normal pencil enters by an amount proportlonal to- the vertical de-
flection in ﬁhe boundary gradiart.‘ The cylindrical lens, H, eonsqqusnﬁi&jy
imparts to the peneil a corresponding lateral shift in the epposite
direction to position d in Figure Vb without effeching its vartical posi—
tion, d, in Figure Va. All intermediate rays are effected~t¢ & corres-
ponding extent, | | 4‘

Most types of electrophoretic sp paretus afe équipped to use
the scanning e d cyiindrical lens procedures interchangeably. Eithg:
one of these methods cen be used with sither a slit or & straight edges
This is quite advantegeous since each methed has certain é&vantageg in a -
given situation. Tha4s1it‘5hows'the pattern as an illuminated I5n¢;:$5d
when combined with the cylindrical lens wmethod, is usuelly preferred for

visuel observetion because of the better contrast. The straight edge is

preferred for photographic work due to the superior resblvﬁng p0war and‘
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simpler diffraction phenomenomS]' characteristic of this!diaphram.“ By
using the scanning method, we can get awsy from the 'inhérent‘ Aoptivcal ’
errors of the uncorrected cylindrical lens (see section on technique
errors)e
Buffers.
The choice of a buffer is of great iinportance in éleetrophpreaig’ S
because different buffers not only give variation m.th resée'ct té the co"_n-"
figuretion of the various peaks of the pattern, but- a.lso variatiem in the
number .of peaks ‘produced. There are several points te consider in the
choice of a buffer. A buffer should have a high capaci‘hy to r’ela.tively'
reduce the buffer aetiq;z of the protein ;tsglf; : Buffer égpacity, ’ ﬁ ,
is defined as the number of equivalents of a strong e.é_id or' Baée faken

up by one liter of buffer to chenge the pH one unit.

a = ERIGEIGL)
[(A-1+[HA)

[R7]= concentration of iomized forms

of buffer. -

[‘\ﬂ S concentration of xm:uonized forms
< of buffer.

Since pK (~log K) is the pH of maximum buffer capacity (K equals :
dissociation constent), this will eid in determining the pH at which the
buffer should be usede debuffer should also ‘have & low specific condu’e‘bancs
to decrease disturbeances from therheating -offect of 'bhé ‘current. Since,
however, both cepacity and conductance~increase with concentration of

buffer salts, these first two considerations are not compatable, and a

compromise must be found.
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‘ Since buffer capacity does not depend on ionic mobilities,_ A
buffer salts w1th ione of low mobility should be selseted. These jons
show less effect on mobility of the proteins at the sama pH and ionic V
strengthe Thus Li is better than Ka, and Na is better tﬁan K. In
generel, high concentration of week electrolytes should be;awéideﬁ uﬁiéash"’
allowance is mede for the effects these have on the témperaturg ef~ﬁaxi#  ,
mum density of the solution. ; '

- Meny buffers have been tried in aﬁ effort tordvsroame the ine
compatabilities of some of the above mentioned considqrations, and to‘ v 
Qchieve the best possible resolution of the protein f:actiehs.' Probably
the most used buffer today and theroné that gives the best s&metry and |
resolution of the peaks is the Sodium Diethyl Berbiturate buffer et pH
of B.é and ionic strength of O.l. Also used is a‘phosphate buffer of
PH 7.7 and ionic strength of 0e2 or & Lithium veronal;bﬁffer of PH 7.9
end ionmic stfength of 0;05. The last two are mostly used’in special
situations,

Technique.

| Only an outline of the technique of eleetrophprasia=udil be
glven here., For more elaborate discussions, see references 81, é&; 88,
90, and 154. | | |

The first step in electrophoretic analysis is the diaiysié of

the protein solution against a portion of the buffer which‘is to be uéeé
in therupper portion of the cells If this is done with a mechani cal
agitetor and cellophene tubing, equilibrium will be reached in about two

-hoursl33.
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The eleetrophoretic cell is then filled as follows: ther’ -
botton section is filled with the solution of dialized protein snd buffer;
one arm of the middle section is filled with this samakso;ﬁfion‘ﬁﬁile”
the other is filled with plain buffer. The middle section is then slid
to one side and the two upper arms of the cell are filled with plain
buffer. The entire cell is then placed in the thermosbet at 0, 58° c;, -
and the entire system is ellowed to reach equilibriume When this‘haélr'
been obtained, the electrode vessels are filled with buffer, epn?enbrnted
KCl is intréduced around the electrodes, the middle section of the cell )
is slid back into place to form the boundaries, and by meeans ofla‘eompen-
sator the boundaries are brought to any desired level in‘the tubo. The
current is then allowed to fléw for ‘a given length of €imse, usu&llyttwnﬂ
hours, and the results are recorded, either visﬁal;y or photcgréphieallyz

A new method of simplified elqctrophoretic analysis at room-

1, but since it has only attained

temperature has been developed by Abramsen
limited acceptance, it will not be discussed here. It has been used mainly
for the physzcal separation of protein constltuents.

Possible Scurces of Error Assoeiated With Techniquo and _Egarttus.

In genaral there are two main possible sources of error, that
associated with the optical system, and error due %o thermal convacﬁion
current in the cell. |

If a straight edge is used with & photographic plate to record
the results, the position of the <contour of the pattern shifts slightly
with the exposure aml development of the plat984. This ia‘well‘within |
experimental error, howeier, énd does not influence the accurﬁey of the

end result, A source of error which may introduce more severe aberations
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in the pattern is seen with the use of the cylindricel lens met@oﬂ84;
The objective C (Figﬁré Ve) is & corrected achromat, ﬁsually of tub,iﬁéhes  K
in diameter and 36 inches foeal length,dnd es such, is used at sn aperture
of F/18, The cylindrical lens, however, is e singlé élemont of the same
diemeter but has 2 focal length of lé-inches.  It, thgrefore, works at

the higher aperture of F/8. Since thi# exceeds the mgximnm_apgrtufe of
sbout F/16 usuelly considered safe"S for photography with & simple 19@#,

en error in the optical system meay be introduced.

The prevention of thermal cénxection'cu:renta is of the.a#mns§
importance in the accuracy of electrophoretiec analysise Since heat is
generated in each wolume elememt of the solutien but flows to the thermo-
staet only through the wall of the tube, the solution diong‘theja:is éf
the tube is hotter than that aleng the wall where the solutien iill be
heavier and falling, thus setting up convection curreﬁ%s. Thisxﬁaurée
of error is minimized by having the solutioﬁ at/pr near iﬁs temperaﬁure
of maximum density so the temperasture difference will not give assoéigxed :
density variations. The tempereture, tg, of a solution in a steady stete

as a function of distance, r, from the axis 1s90:

=X = - =1’Le 2
rm Fo-ks ‘1\(¥§s Y

The temperﬁture of the glgss,'tg,‘is:“'”

o ame |
Aqxe =3 "o .
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at+b = insjde and .ouktside r&dii.

Ks+Eg = thermal conductivities of
solution and glnss.

I = current intengity,

E = electrioal equivalent of heates

t; » thermostat temperature,

Using the above equations, the following diagrams were developed to show

the association between temperasture and density which result in convection

currents,

Change of Temperature in the Wall and Solutioen

Wal\

Sl

Wil
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Chenges in Demsity at Different Distences from the Axis
of the Tube at Various Thermostat Settings

X = temp. beléw‘ma.x. density,

Ae\‘\*YT

L.oos | —%.=set so average temp. in tube

/— - is temp. of max, density.

: % = temp. above max, density.

A% S

Another consideration must be the greatest amount of cmenfh

that cen be put through a cell without developing heat at a greatér rete

than it can be dissipa,teds. The current develops heat at the ratek of
N | ; :
H = j‘;;\—{‘ ""‘“’/cwﬂ (4)
Expe;'ienoe shows that with the thermostat at 1° C,, the maximum power
which may be dissipated in the cell without causing convection currents
at the usual protein concentration is .15 watts/em®. By eliminating i

between equation (4) and (2),
=~f;ﬂ' -
E [\
This shows that the maximum allowable field strength is proportional to
1/K. Higher potential gradients may be used with buffers of lew conducti-

vity, tut this increases eloctrophbre'bie_ anomalies,
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THE NORMAL ELECTROPHORETIC PATTERN

Development.

The first work by Tiselius was done on horse serum®®, end in
this he assigned symbols to the various fractions: that are still used
 today. o showed albumin as the fastest qum,” then &, ‘p . %,
globulin in decreasing order of mobility, and a fifth sta:bionéry bofde?
attributed to 2 A coinpqnen’b. In addition, plasma showed & sixthv
. boundery between ¥ and A globﬁlin, end is due to fibrinogen®3s 149, |
Later the stationary A boundary in the ascending limb and the correspond- o

ing € boundary in the descending limb were shown to be bounds.ry tsxm)tma.l.’tesl59

due largely to the transport of buffer ions by the proteins during’ electm-, o
8 Pollewing

this, a low peak of high mohﬁ.lityvshcwn in normsl plasma and serﬂmln B

phoresis, but also due to a superimposed protein gradiént

wes recognized as a false moving boundery by Svensson. It was due to
“the use of a buffer containing two negative ionse The so celled pse_ﬁdo-
globulin and euglobulin were showm to be mixtures of several globulin

'componentsls‘!’ 156

, which differed chiefly in solubillty behavior rather
than in composition. |

The above findings were extended and eonfirmed, and more acoﬁra{:é'
measurements obtained by the use of many refined me’ghyids suéh as the
opticelly integrating refractive index techniques‘g‘, the mechaniecal i‘nte.-
grating Schlieren scenning method®2, 88, 92, ‘the light absorption method
of Svedberglss, and the scale refractive index method of Lamm. Thus,
through continued work,+reseerch, the complexities of the elecizrophbretie - |

patterns are ever being better understood.
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" The Ideal Cese and Varié.tionse’ 84.

The ideel case of electrophoresis woizld be a very dilute probéin
solubién in a buffer of high electrolyte concentration so that the con- |
ductivity of the solution will be determined almost entirely by the buf'f'evr‘
ions because of the low mobility and low equivalent concentratidn of prol-»
teinzions. Thus, there would be a constant pH and uniform eleetrig field
for the”protei'né in which to migrate, and the pro’oein 'éonéeﬁt retion would
vary from a constant value below a boundary to zero dbove. As fhis ideal '
case is approached, hcquér, the low _protéin ’coﬁcentfation results in
areas under the peaks which are mot of sufficient magnituge to be deter-
mined accurately and the vertical density gradient in the boundaries are
frequent ly insufficient to stabilize the latter against the diétﬁrbing
effects of convection. -

The pattern resulting from the "ideal case" ivoﬁld have the
"jdeal™ sttributes which ere strived for in all electzfophgreticl analyses.
The volume swept through by the ascending and desoendi;ng be‘ﬁnd&ries dus
to each component would be identical and proportional to the -m’bilit.ies
of the separate éomponents. In addition, the area under each peak would
be proportional to the concentrat;!.on of the componenﬁ, end t‘he petterns
from the two sides of the chennel wuld be mirror imgges. In actual
practice, consistant variation from the ideal case will be noted. In
general, the distance moved by the boundaries will be greater iAn the a.seeéﬂ-
ing limb, the rising albumin boundary will be sherper than the descending, _
the ‘arga of the § peak is greater then the £ pesk, and the areas ‘under
o given pesk are not the same in the ascending and‘desce_gding \bound_aries

although the total areas including the sta.tionary‘boundaries are the same.
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Also to be considered is the presence of salt gradients in the § and
€ boundaries whlch although partially balanced by small changes in

salt concentration aoross each of the proteln boundariesgz, mast be
considered am interpreting the pattern because of ths:corresponding de= “‘
crease in the area.under the protein boundaries. . |

The assymetry between the patterns is due to the fact that
the contribution of the protein iens to the conductivityﬁdf the sc}utién‘
is not peglipgible and this ocauses gmall gradients of ooﬁduétivifyqréﬁ;
and prdtein concentration ecross the boundaries in adéitien to‘thg grad~-
ients of the protein constituent that disappesars in the boundary. These
effects are of different magnitudes for different proteins and buffer
concentration, and thus the analygis'varies.with beﬁh- The true eompesi-
tion of the protein mixture may be obtained by extrapolation of apparant
concentration either to zero protein concentration at canstant ‘ionic
strength or to infinite salt eoncen%ration at constanf protein centent7'

The volume swept through by the ascending boundery is larger
than the corresponding volume for the descending boundary, This is due
to the fact that the field sfrength is grester between the sascending
boundaiy end § than it is in the p‘riginal proteinﬂsoq'lutiqn.‘ The volume
swopt through by the descending boundary amd the coﬁ&ﬁotivity‘of the pro-
tein solution are used to calculate mobility sinee the caleulation is
more ‘eomplex when using ‘the aScerxiing pat‘berngz.

In contradistinetion, the total area of the ascending and dés- 
.cending patterns are equel and proportional to the refractive index |

differing between protein solution and buffer.
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This is inAependent of'the‘tims of olectrbpherésis, provided no boun&aries
leave the cell. However, since R >'Ref , the area of the no#ing peaks
is less in the ascending pattern. o

The Shape of the pesks is controlled by twa general faoters;
the r ate of boundary spreading and the difference ‘in field strength.
The rate of boundary spreeding is determined partially'by the superimposad
electric field gradients emd partially by diffusion ang inhempgsneity of
- the protein. The descending peaks eare broader and sherter than thg
correiponding eseending peaks. This is because the field streng#h‘is.
gfeater on the leading.edge of the descending peak tham on tﬁe‘trailing
edge so that the molecules move more rapidly in the legéihg edgé, thus
getting broader boundaries than one would expect for diffusion alone
‘(conductlvity effect), Thus difference in field strength is partially
compensated for by the difference in pH of the solutions on different
sides of the boundary. Since the pH is lower on the Iaading edge of he
descendiﬁg boundary; the molecules have a lbwer mob@if%y and in some cases,
this pH effect may predominate over the difference in the fisld strength.

The Normal Eleetrophoretic Pattern,

The normel electfophoretie‘pafﬁern and properfibhsfand coneen=
tration of the va:ious components has been deterﬁined‘ﬁy many workers
(see references 7, 45, 57, 58, 68, 74, 91, 99, 111, 123, 129, 136, 138,

147, and 155) and although the enalysss vary somewhat with different
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bufferstl0, the results with e given buffer are in very good agreement.

The most widely used buffer is Sodium diethyl barbiturate, end the

pattern and results obtained with its use are shown in Figure I and

Teble I.

'Figure I,
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All the studies referred to in this paper'unless,qth%rwise indieaﬁedd
were carried out with Sodium diethyl barbiturste as the buffar. The
excellent agreement between the results of many workers shows the higﬁ
degree of precision with which elsctrophoretic analyses §an be cérri@d
oute 7
Studies on the plasm@ proteins of normal children havg“baeh'? A
carried out by Enapp and Routh72; They -divided theirfpgtientsrinﬁbif
four age groups: group ;,Vinfgntyg 5 tpbszweeks gid; groupvzg pregdhéol;
1 to 4 yeers; groué S, mid;childhood, 5 to 1L year§; anﬁ group 4, gddl-

escence, 13 to 17 years, In general; there waré'only minor ch ges on.
most fractions. The albumin ievel wes gquite nofmal eicépt?éi'%;;up 5

in which it was slightly decreased. A small but peréistantvdebréése

was noted in the alpha-l globulin of all groups. The'most'gtriking':
changes were noted in the gamme globulin and alpha-2 globulin.‘,rhq;
gamma globulin showed & marked drop from the newborn ;ntil one year4of‘
age. Following this, there was a steady increase unti1 i£ reached the
normel level in midehildhood. Since antibodies ere kmown to be assoeis-
ted with the garme globulin fraction, the ﬁoted changes in this fraetién
would seem to correlate with the loss of acquired maternal antibedieé{

end the gradual acquisition of active antibodies. Theré.seemed to be

a reciprocal relationship between the alpha-2 globulin and gamma globulin,
with the alpha-2 globulin being low in the newborn period, 1hcréasing‘v

to above normal in infancy, and then decressing to the éduit level wiﬁh
ages The percentage of albumin was noted to decrease from group 1 %o

group 3, and was lowest in group 3. However, since the total serum

protein was increased in group 3, the increase in actual concentration
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of gamma globulin, fibroinogen, and other globulins takes place without
any significanﬁ decrease in ebsolute concentration of elbumin. The
presence of & recent infection was noted to cause en increase in gemms

globulin97

» end observation during the acute febrile stage of an infec-
tion showed & rise in alpha globulin followed later by-an increase in
gamma globulin.

Compeeative studies of normal meterisl, infant and fetal sers,

have been carried out by several wnrkarsBT";l7’ 138; as well as detailed

work on embryonie sera alon937’ 116, 132, 161. The study of maternal
sera revealed a decrease in the albumin, & slight increase in the alphsa
globulin, end & marked increase in the beta globulin. There was no chege
in the gamma globulin. The study of the corresponding fetsl sera showed
d;amatrically opposite chengess There was an increased albumin and gamﬁa
globulin and a decrease in the alpha and beta globuline. In general,
however, the fetal proteins were more nearly normsl than the meternal
proteiné. Thus, although the relative concentration of fetal gamme glo-
bulin is above normal, end that of the beta globulin is bélqunormal,

‘the differences are not greet while with maternal sera.the 91pha—1,;
alpha-2, and especially the beta globulin are markedly above normgl as
wes noted above. Chenges in the first few weeks of life have also been
determinedllq. In the first few days of post natal life, the alpha

and beta globulin increases, the albumin shows a slight iﬁcrease, and
“the gamﬁa globulin then begins to decrease. An increase in the A/G
which is noted during the first few days is due mainly to the increase

of alpha and beta globulin while ﬁhe'notéd decrease in the ratio in

‘the next three weeks is dus to the decrease in gamma glebulin, The
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further increase of the A/G up to ten weeks is due to the imecrease
of the albumin and a persistmes of tha low ‘goama globulinc

'The Individual Components of the Electraphoretic Pattern._

The individuael pesks in the normal electrophoretic pattern
heve been extensively studied and many efforts hava been made to deter; .
mine the elements of their composition. By various methods of ehemical
end physical characterization, the complex nature of the albumin and
the various globulins has been shown26 27, 28, 29, 61 108, 146' 154
as well as the présence of biologically active proteins 1n amounts too™
smell to recognize in the patterns of the native protein328 121 128, 135
In general, the various freactions are considered native eomplexegf of the
protein moieties with low moleculer non-protein éubsténceé,‘

The albumin pesk is the tallest and best defined in both
ascending and descending boundaiies. "It has been.shawn that it wiil

16, espeexally

separate 1nto two components on prolonged electrophor681s
at a pH Just above 498 146 and in the presence of certain ions7. v'A'
The globulin peaks are in general lower and subgeet to &
greater degree of electrophoretic spreading., This progressive gpreading
or blurring of the boundaries is due only partly te diffu#ion, and Ehé‘
remainder is caused by & slight electrochemical inhomogeneity of the
materiale This second component in contrast to diffusion is essentially

2, 143, 147,

reversible in nature This wide reversiblelspreading is

most marked in the gemma élobulin boundary and shows its hetérogeneityr
63, 65, 144, 145.1‘The beta globulin peek shows sn snomaly in the descend-
ing peek which is like as total reflection phenomene and is ascribed to

the instability of this component after electrophoretic séparaticn fram
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the other serum proteinsgl.

The association of carbehydrates and lipoids with bleod ptotéins

18, 20, 156,'164

is intimate , and these substences effect both the re-

fractive inerement and mobility of the proteins to whieh they argvhound,

especially the alphe ad beta globulinl?s ’%» 79, 126, 164

Tiselius .
considered the albumin to contain bilirubin in additiontto earﬁehydrate,
and the beta globulin to centain the lipids such as ch§1esterol; “How=
ever, subsequent work has shown that all the fractions.contain seme 
cholesterol end phospholipids in bound form, the alpha and bets globulin
being much richer in these components than the‘albumin;and globuline

It hes also been shown that all fractions contain some‘éapbohydrate with
the alpha and beta globulin being richest in this gompénent also. In
spite of the above findings, more than 50% of the total liﬁids»and car-
bohydrates are contained in the albﬁmin and gamma'globulin dﬁe to the
relatively smell concentrations of the alphe and beta globulinls’ 16%.

Caleulations.

The calculation of the concentration of the wvarious protein
fractions present in the electrophéretic patterﬁzis based on the detere
minetion ef the area, A;, under that p&rt'ef fhe curve:ﬁhich is due to
component, i, of the serum studied. Since the speeifiec réfractive
increments of the electrophoretically separable plasma proteins have
not been measured, it is only possible to determine theif concentratién
- as differences in fefractive indexes by the area determination and not
in terms of protein nitrogen or dry weight.

In order to develop the basic caleulation necessary for the

determinetions, several assumptions are necessary. Each protein boundary
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is considered to contain a small salt gradient, thus’the observed aree,
Aj, is the sum of an area P;, due to the gradient of protein, i, and sn

eree, -5j, which is due tothe salt; the nsggtive sign inéicating thé

inverted nature of this gradient. Two other assumptions that are mede . =

are that 8; is proportional to P; and that this proporticnality factor
is the ssme for all components. Thus, it cen be seen:that the concentra-
tion of onme component ocan be calculated relative to snother by the equa-

tion:

:D"O
o
pe>)

Ra

4 indieates that the determ;nations
were made from the descendlng or
cathods patterns. -
A indicates the total pattern area.
Valves from the anode or rising pattern, 4., can be'ﬁsed‘if the additional i
agsumption is made that all the'proteinfgomponagtb%are{held in ihis}g;mg
proportion through the § boundary. Experimantﬁiidata13z indicates that
these asgumptions are valid within the experiﬁentalyertor of’théscalcula-
tions. |
Due to the incomplete resolution of'the‘prdtéin;pgaksg the
gradients of the different boundaries §var1ap and various m@thods have
been devised to separgte these areas due to the various components into
measuresable quentities. Tiselius aﬁd Kabatlse‘drew an ordinste from
the lowest point between two adjacent peaks. This method has been supér-'
16

ceded, however, by the methed of ¢onmstructing Gaussian-shaped curves

for emch of the peaks such that their ordinates at every point add up
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~ to give the experimental\curve. These curves may no£ be symetrieal due
to the gradient of pH and conductivity in the boundery, end because the .-
‘ proteins in one component may not be homogeneous with respect to size;>
shepe, end iso=olectric point. |

In actual practice, the area of component, i, is measured with -

a planlmeter87

This is designated Aj4 if the boundary ‘is descending
and Ajy if the boundary is rising. The total area, A, should be the
same For both sides of the pattern sinee it is proportionel to the

integral,

ne o
( ﬁé&)a&h (1)
B ' ;

whose limits, the refractive indices of the protein, and buffer,

- are the same for both‘qhannsls. The finsl rglationshfé is:

(“A\)"“‘ Me "M = ﬂl/ﬁeﬁc_sﬂr (2)
p

=

o n

height in the channel,

cell thickness.

optical distance from cell to
Schlerein d1aphram, :

ratio of plats to diaphram travel.
camsra enlergeoment,

tracing enlargement.

planimeter units‘per.em.z.

o P

" n

;' J:’-‘Jom Q

The corresponding protein concentration would then be:

P = (e ‘Ym)/K (3)

K = speecifie refraction inerement.

If D is the factor by which the plasma or serum is diluted before
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electrophoresis, the original concentration in grams per cent of pretqi_n S

is
P=9, @&

There are, however, various errors inherenﬁ in D and X in the
above calculation, Errors in D are due to the Pact thet during dial}fsis,~’~»‘ |
a small’ameunt of Ho0 enters the bag, and also with p/lasms., the d_iluting
effeet of the solution of anticoagulation must be ¢on;éide,.red. Errors in
K result from variations in temperature, wave .length,i and type of ,prctein'."

| In order to finally compute the concentration, Pil, of the |
Mdiﬁdual components, correction must be made for the § and € effectses _ '
These are boundary enomelies as will be shown later, snd are not due b
protein fractionse Thus, the relative concentratien of the i componesz

is given very closely by:
H**/ Rx-Re for the descending boundary, and

ﬂ‘"/ Ax-®g for the | rising boundary.

Boundary Amomelies.

The general principles of the formation of the boundary snomalies
§ and € have been worked out by Lengsworthgo and grejatiy extended by
Hochez, and & brief discussion of their fornﬁt‘i’&;}: *:ﬁ»lﬂl'be presented here,
In Figure 2 isshown the initial ‘and temiml phas:bg» of an e‘l‘ect’xv‘oﬁhéretie
Process. | é S ‘
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By P = conecentration of buffer and
protein respectively.
\ & original boundery. '
(3t¥= final descending and ascending
boundaries, :

Vp# volume of buffer selut:.on moving
into protein and having a concen-
tration of beta-l.

Vg = volume of protein solutien moving, ’
into buffer and having a concen- ‘
tration of B.l.

€+ % = the boundary anomaliess
Since the concentration of buffer salt is different beta snd P

after dialysis due to the Donnan equilibrium, beta-l has to be "adjﬁsted,"
in general, to a value different from beta in such a way that its regulat-
ing function hes the same value as that of the protein solution it hes
replaceds As was noted before, the regulating functioen defines a property
of the solution which, at any given point, retains a constent value irxlé- :
pendent of changes of concentration caused by electro}.ybic migreation,

If, from such a migration, & different ion species appears at a peint,
their concentration will be adjusted to velues compatable with the constant
determined by the initial concentration of the solution. Since a boundary

will form where a change in concentration occurs, the bbun&ary will
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thus be formed between two solutions of the same salt but at different
concentration, A similar boundary will be formed at  due to a differ-

ence in protein concentration, P and P1

s &8s the protein replaees’bnffer
solution. This boundary has a grester visability since if involves &
gradient of protein concentration.

Minor boundary anomelies mey arise from small differences‘inl ‘
pH between the protein and buffer solution a$ required'by‘the Donnen .
equilibrium, These may be greatly minimized by the»p:éper choice of &
buffer and exact technique. | “ |

Factors Influencing_Elactrophoretic Patterns and Mbbility.

Faotors which have an influence on the electxophoretic paﬁtern‘
and protein mobility may, in general be divided into four basic cate-
gories: physical factors, factors connected with buffer, technlque,‘qad 
protein concentration. These are usually minimized by the use of staﬁdé}d
technique; however, they may be a necessary consideration in the inter-
pretation of certain types of electrophoretic analyses. |

Studies on the effects of storage7 74, 96, 113, 158, freezlng,

60, 73, 104, 125, 131, 148, |
30, 39, s ’ S 148, 156, 160 on the electroPhoretic

and drying
pattern have been extensively carried oute 1In general; there was no
effect noted which resulted from‘anyrof the ébove treafments.‘ Irfadiatioﬁ'
with ultraviolet light59 gave a new peak from the denetured protein which
resulted at the expense of the other components. This same effect was
also noted in heat denatured sera>>s 160,

The buffer effects the ionic mobility and electrophoretic
pattern in three ways: pH, ionio strength, and types of jons pre&ent.

It has been shown? that the electrophorétic mobility depends on pH, and
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that the ionie strength and curves of mobility at various pH's are_cloéély : 
related to the acid~base titration curves of the protéin involved, Tﬁef ~
mobility is likewise effected by the types of ions presemt in the‘buffer7'5
end in aeddition, it has been noted that interaction b@éween proteiﬁs |

end other protein321’ 78, 93, 114, 158, 157

119, 130

or smaller ions
may give minor variations in the electrephoretic pattern,

The variastions in technique such as voltage, dialysis,’prgtein 
concentration end the presence of hemolysis may effect theAeleoterhcrétic
pattern. While an alteration in voltage shows little vaﬁiation inithe

pattern64

» & decrease in protein concentration gives a relative and
absolute increase in aibamin aléng with & felatife‘de¢rea§e of Eamﬂ@,"
globulin eand é slight increase of the other globulinse4"123; Wheﬁ
hemalysis resulted in the addition of Hb %o the protein, there ﬁas an:>
increase in gamme globﬁlin§ when a pho;phate buffer was ﬁéed and an
increase in beta globulin when a barbiturate buffer was usedlls. The
effect of dialysis, continued after one to two days, was showmn to be

1
minimal 18.
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ELECTROPHORETIC PATTERNS IN PATHOIGGIC OOFBITIONS

Virus Diseases.

In poliomyelitis’®» 71, the only significent deviatien from

the normal pattern waes a varying abnormality of the b;atai diétﬁrbaﬁce.,
The change, varying all the way from minor alterations to complete
absence, was noted in 80% of poliomyelitis cases when: a phosphatek
buffer was usede There was no correlation between, the dadnge noted
and the duration or severity of the disease. Since thé beta anomaly
ig thought to be due either to convections from decreased stabili’by in
the neighborhood of the beta globulin®® 91 or %o a turbidity from the

91, 20 31 this area, it would seem

liberation of & lypoprotein complex
that in poliomyelitis there either wes a decreased dissoeiyﬁtio‘n tendency
ot" this lypoprotein or else it is absent or decreased in concénﬁrﬁtion.
The findings in enceplbalomyeloradiculitis (Guillain-Barr‘e“s‘Disease)
wore similar to those in polion:yeliti.354. : |

The electrophoretic pattérn in infectious hepatitis and

homologous serum jaundicel0%s 154, 57, 109

showed & decrease in the
albumin which was approximately mirrored by an increass of the gamma
globulin, The deviation from normal was in general associated with the
severity of the disease ﬁith the maximum decrease of albumin occurring
in the first ten days. This may be correlated withbthe fbéméorary
parenchymetous demsge to the liver. There was some variation in the
alpha-2 and bete gloﬁulin but this chenge was quite variable. During
the course of the disease, the pettern tended toward normel; howevef,

the severe ceses showed residusl sbnormelities even in the absence of

symptoms. A check-up two to three years later st111 showed minor vari‘a-
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tlon in most ‘patterns, especgially if the disease had been quite 80Vere.
The alterations in pattern could: elther be due to the hepatic dysfunction
or the infectious process; howsver, the secondary ineresse of the ggmaa
globulin is probably due to a different mschanism;°5g It is thought tb
be due either to & compensatory mechanism in an attempt to maintéiﬁ'h
osmotie relétionships, or to the formation of antibodies ér %o anr
alteration in the relstive rate of production and utilization of the
albumin and globulin.

In studies on lymphogranulome venerium 51’ 9 & marked incresase

of all globulin fractions wes noted,

Bacterial Diseases.

91, 100

In acute bacteriel diseaées such as pneumonia s peritmn~

91, and tonsillitisgl, an increase of the alpha globulin with an

itis
accompanying decrease of albumin was noteds This is typical of the
change noted in most acute infectious processese.

Studies on rheumatic feversS 1l, 91, 99, 135

showed‘am
decrease in albumin with e varying increase in the alpha;l, aipha-z,
end gamma globulin. These changes were most marked during the aoute
stage but they persisted to a lesser degree during inactivity. Yo de-~
-finite changes were noted before and after salicylate therapy. Chéngeé

48 were similar to those noted in rheumstie fever,

in soarlet fever
There was, however, a delay in the return to normal in cases which
developed rheumetic fever following the attack of scarlat fever. This
wes most noticed as a persistant increase of the alphaw2 globulin.

In tuberculosisloo' 140, 141, 142, the electrophoretic

pattern could be correlated with the stage of the disease. In early

cases there is a deerease in albumin and fibrinogen with an increase
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in gemma globulin. As the disease progresses, the above changes becoms
more marked and are associated with an inerease in the glpha globulin
and the sppearance of an "x" component with a mobility SIightly gregter
than albumin. - This probably shows sensitization to fhe fﬁberculin pPro=
tein and has been shown to increase in declining clinical courses agd
to decrease with improvement., Several explsnations have been offered
for the increese in the alpha globulin. Either it is associated with
e specific entibody to & fraction of tubérculin or to sensitization of’
the host or to tissue distruction142. In terminal stages, an inerease
of beta globulin was noted. Changes noted in leprosy141 were simil#r |
with en increase of alpha s d gamma globulin as the most matked veria-
tion from normal,

Alterations in the electrophoretic pattern of patients ﬁith
brucellosis were similar to those noted with infectious hepatitisls4§

Rickettsial Diseases,

Chenges in typhus fever>C

were & marked incre&ase in gamma
globulin and & slight decrease of alpha-2 globuline The.tptal‘serﬁm
protein was very low during the acute stage, and was abnormelly high
during convalescence, The albumin was slso deéreased during the acute
stage., The early increase of gamme globuiin is'probably not due to |

sntibodies since the WBil—FeIix and com@lement fixation tests were

negetive at that time,

Spirochetal Diseases.
Studies on syphilitic sere have been carried owt by meuy
12, 31, 33, 3 35, 40 12
workers L2¢ 51s 83, 34, 35, 40, 41, ’203 The most characteristic chenge

was & decrease in the albumin. This was noted in~priméry; secondary
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and tertiary lues, and was evident in both relative é‘nd abso"lut‘e cons
centration. An increase of alphe-l globulin was ’notéq "enly in ‘the
secondary stage, while the alpha-2 globulin was vincreas"e;d in both ‘the
secondary and tertiery stages. A moderate increase was élso noted in
the gamma globulin in all stages, but this was not as marked as the
changes in the albumin, Studies of sera with false ppsitive séio}qgic '

reactions or following treatment showed no characteristiec &mgessl’ »12.

Other investigator554’ 35

using electrophoretic and serologic examina-
tion of frections removed from flocculated sera hav_e‘ghoun‘thgfb tli.e
beta and geamma globulins are the carriers of the Kahn and Wgssei'manv
reaginse v .

Studies of the sera from patients with Pinta and Yaws43 havé,
been cerried oute With the Pinta sers, the only chenge n,o-b_ed:w&s 8
slight increase in gamms ‘globulin and s ‘decrease in albumin, buj}: these
were not characteristic, 1In the sera from Yaws' pat"ientsv,f the globulin
- peeks wére not;é to be larger then in normal syphilitic or Pinte sérra;
It wes also noted that the beta anomaly was absent in the sera fré# »~
both Pinta and Yawse

Protozoan Diseases,

Investigation of malaria sera®’s 59

show thet following a
paroxysm, there is & decrease in the A/G from & slight idgcre‘ase ‘of
elbumin, but mainly from an increase in fibrinogen andigamma globulin,
The total serum protein was normal in all cases. These changes tended
toward normal after the ‘paroxysms were stopped by therapy in spite of ‘

a persistant infection,  Thus it seems that the alterations in the

electrophoretic pettern appears to be due to the hosts rea,:otion.»i;_e‘ ‘the
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acute process of the paroxysm rather than to the mere presence of the
parasites.

Ih Kala Azar, there wﬁs a marked inversion of the A/G with en
increase of gamma globulin and a decrease in albumin; The gemma globuliﬁ
peak showed & skewing on the slow side and a diffuseness on the fast
side, and its mobility was outside normel limits, This is different
than the gamme globulin changes seem in most other disease.processes
for here there is & new component of slower inability present.

Non~infecetious Diseeses.

Plasma from patients in cardiac failureloo'showe¢ e decresase
in albumin end an increase in the beta and gamme globulih; The alpha
globulin end fibrinégen were within normal limits or s;ighfly reduceds
Effusions differed from the plasme in that there was airelatively higher
albumin concentration snd a relatively lower beta glqbnlin?cbncentration,,
The various types of liver disease show characteristic patterns. In
portal cirrhosis 27+ 79» 99, 100, 134, 150y 181 41016 35 o marked
decreasse in albumin and en increase in gamma globulin'wiﬁh agsociated
smaller increases of the alpha and beta globuline. These changes become
more marked as ascities developeds Similar ehanges are seen in arsenic
poisoning end other heavy‘meta1357; howbver, the beta globulin peak
becomes more prominent. :Early'obstructive jagndice gives little change
in the electrophoretic pattqrn,rbut late: there developes s deerease
in aibumin‘and‘increase-in beta 5lobulin.’ Since it has been sh§wn57,

however, that extra hepatic jaundice can be quite severe with no essocia-

ted alteration in the electrophoretie pattern, the above noted cheanges
57, 91, 162

must be evidence of hepatic parenchymatous disorder
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Infectious hepatitis gives a deeresse in albumin end an inerease in
gemma globulin with small associsted inoreases in the alpha-2 and bete

slobalind’s 105 109

while infiltration with carcinoms gives more re-
duction in albumin end less increese in the gamms glebulin57.

The various stages of glomsrulonephritis a;so'gives'quife
characteristic patterns, especially the sé called nephretic‘stagels’ 14
In acute glomerulonephritis the chenges are minimal; however, the
decrease in the albumin is more than is shown by the usﬁal salting out
methods. There is also a relative and actual increase in gemma gldbulin,
while the alpha and beta globulin are normal unless gn-aétiva inféction
is present. In the nephrotic stage, there is a decreésekin albumin end
gamma globulin with an associated increase in the alpha and bete

globulingl’ 94, 99.

The pattern is almost diagnostic. A considerable
part of the increase in the alpha and beta globulin is lipoids associw
ated with the fractions which contribute more to the refractive-incfe-

7, 94

ment then to the nitrogen content o In the terminal stage of

glomerulonephritis, there is seen & moderate decrease of ﬁlbum;n and

some increase in the globulin and fibrinogengg.f

In rheumatoid arthritis*g

s there was found a reiative'deefease
in albumin and a 1owefing of the A/G, ' This was associated with a mafked
inerease in alphe globulin, a slight increase in the gamma globulin

and & slight decrease in the beta globulin. All of theseAchanges
returned to normal with clinicel improvement. There was no diagnostic
significance that could be associated with these findings since they

couldn't be distinguished from rheumetic fever.

Diseases 2£'Uhknown Etiolegz;

The sera from patients with uncomplicated essen£1a1 hypef’sensibn?9
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showed only slight veriations from normal, The most congistant change
noted was a low alpha=2 globulin. This is significant since the renin
substrate hes the seme mobility as the alpha-2 globulin. The only other
diseases, however, which show this persistant decrsase of the alph#-z |
globulin are myxedema76 and hypoadrenal activity of pituitary origin,
and these are associated with & low arterial blood pressure. As the
disease process enters the malignant phaese, this decrease of alpha-2
globulin becomes more marked, and a marked increase infbeta globulin
is now noteds This may be an importent change with vascular diseases
since it is also seen in the various stages of glomer@lonephritis and
in uncontrolled disbetes with disbetic retinopathy '. No correlation
could be found between fibrinogen and blood pressure which had been
advocated by some workers79. !
Studies of the so-called collogen‘diseasesl;’ 23, 51, 141”142,
rheumatic fever, lupus erythematosis, scleroderma and sarcoidoSiS‘xhaw
significant electrophoretic chenges which ere common to all of them, but
also there are iarious differential points which distinguish the variaus
disease processes, In general, the‘electrophoretié pattern change
common to 21l were a decrease in albumin and an increase in gemma glob-
ulin. However, with ascute disseminated lupus erythematosis, there was
a fixed increase in the gemma globulin and an inverse relationship was
noted between the albumin concentration and the. severity of the disease
while in the cases of sarcoidosis there seemed to be an inverse rela-
tionship between the albumin and gemma globuline The reader is referred

to the previous write up on rheumatic fever for the electrophoretic

changes in that disease process. In several cases of acute ulcerative
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colitis which were studied in conjunction with the above seriesll,
there was noted & varying decrease of the albumin frections but no
associated increese of the gamma globulin was fouﬁd.

In cases of infectious nononuoleosiszs’ 59’ 134‘ 152

s there
was found to be a:decreese in albumin end an increase in gammas globulin.
The chenges in thebalphavl and beta globulinsg were equivocal. Thegse
are almost identical findings to those in virus hepatitis; and may be
indicative of hepatic involvement. The patbterns before and'after
heterophil ebsorption were practically identicel, thus showing that ﬁhé

increase in gamma globulin is not due %o the heterephil antibodies;

Diseases gg_Endoerine stfunction.

Sera from patients with hyperthyroidism showed an absalibe
and relative decrease of the albumin with no consistant'change found

78, Following surgery, this pattern returned

in the globulin fractions
to normal in several months; however, if progressive exophthalmus or
other residual signs of Graves' Disease remasined, the decresse in the
albumin fraction persisted. It mey be thé£4the low albumin fraction is
indicetive of impaired liver function and liver demage which is found
in meany hyperthyroid petientse In cases>of hypothyroidism, a deérease
in the albumin fraction was also noted; however, it wes associated with
a decrease in alpha globulin and an increase in bete globulin. Here
el so with proper therapy, the electrophoretic pattern returned to
normal.

In cases of diabetes mellitus, the conditi;ﬁ of the patient
and the severity of the disease are reflected in the electrophoretic

77, 137

pattern In severe uncontrolled diabetes with acidosis, there
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was & decrease in albumin and en increase in bete globulin with e
normel total serum protein while in mild diebetic sera with*ng acidow-
sis, the only abnormality noted was a slight decrease in the total
serum protein. Proper treatment in either of these exemples resulted
in a return to normal of the electrophoretic pattern. However, if |
complications were present such as diabetic retinopathy;‘there ias a
greater decrease in the albumin and an increase in the bet# globulip
then was noted in the uncomplicated cases. In these casss, it wes
also necessary to add & high protein diet to the therapeutié régiﬁg
in order to restore the pattern to‘normal.

106, 107, 100 shgwed'a_total.seru$ 

Cases of Addison's Disease
protein which was at the upper limit‘of'norma1.3 There waS»gn ébsolute‘
end relative decresse in albumin and an increase in the total glbbuiin
_ which was due mostly to increases in the beta andlggnég“g?tcﬁiggg.
When‘the»patient w8s adequately maintaiﬁed;on adrenaléeifragtiqnd:
desoxycorticosterone, the total serum protein feturned to normal; but
the albumin remained low in meny instances. This may indicebte an
inadequacy in the presenmt therapy of Addison's Disease.

In Cushing's syndrome78, t

here was found to be & dec:ease

in the albumin and gamma globulin frections with a slight increase in
the alpha=-2 globulin. Since adrenal extract causes a release of gamma
globulin into the plasma from the lymphoid tissus, theiincrease in
adrenal activity should give an increased gamma giobulin.’ Therefore,
the decreese in gamme glpbulin in these cases is probably dua an

exheustion of the gamma globulin reserves in the lymphoid tiséue<due

to the long duration of the adrenal stimuletion. Following therapy
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by x-ray to the pituitary and bilateral hemiadrenalectomy, the pattern |
in most cases tended toward normal,

Digeases of the Blood and Blood Forming Organs.

Many of the diseases of the bloéd cells and their preoursors
show pattern changes, but in general they are hard to interprete éince
the secondary effects may also alter the protein fractioms. Fever and
malnutrition are frequent complications and must be taken intq consid=
eration. Also encountered are alterations in the fuﬁctions of the
hemapoetic system in the formation of the globulins as weil as liver
damage resulting from snemia or infiltration,

. In leukemias and lymphossrcome, there are no significahf
alterations in the electrophoretic pattern unless the patient is very

91, 127

debilitated « In this case there is & decrease in the 2albumin

and en increase in the alpha~l, gemma globulin and fibrinogen. Hodgkin's

Diseasel2?s 135, 153

s however, seems to produce en eerlier and more
severe gystemic intoxication than do the other neoplastie diseases pf
lymphatic and hemopoetic organs. It usually gives the pattern of a
chronic infection or wasting disease with a decrease in albumin and an
inerease in alpha and gemma globulin. Therapy of leukgmias or Hodgkinfs
Disease with ACTH, cortisone, x-ray or nitrogen mustard geve no cﬁange
in the electrophoretic patternsz’ 127.

The sera of multiple myelome has been widely studied since

'its electrophoretic pattern is quite characteristic>’ % 58 69, 91, 112

In general it shows & new protein pesk that has a mobility that,variqs'
between that of beta and gamma globulin.~—This new protein component

varies from a slight abnormalityjto a high narrow spike, and meny efforts
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have been made to correlate its presence with thet of the urinery
Bence-Jdones protein which is found in some cases of this disease.,
This, however, has not been very satisfectory. It has been shown that
when‘this abnormal component has a mobility like beta giabulin, its
characteristics in blood and urine &re similer, but when it has the
mobility of gemma globulin, the urinary protein is diffe:ent from the
new component found in the bloods Much work is being done at present.
to try and determine the exact origin and fate of this new érotein
component, |

Physical Injury.

Following severe bodily injury sueh as burns, fraetnres,
hemorrhage, or freezing, it has been shown thet there is first a decrease
in the albumin and this is followed by an increaserin:alpha globulinlg’_
53, 122, 147. The decrease in the alﬁumin may indiéate the severity
of the injury snd always occurs earlier than the incréase in alpha ;
globulin, The pattern in these cases looks very much like that of &
febr{le infection, and suggests that this reaction of the proteins
to injury is related to adrenal stimulation and the protein. cababolie

reaction.

Ocular Disturbances.

Bellows and his wofkerslo have studied the electrophoretic
patterns of sera from patients with various types of ocular pathology;
nameiy, chronic glaucoma, iridocyeclitis, and sympathetic ophthalmia,
They noted that in all cases the ascending beta globulin-ﬁoundary was
composed of two or more peaks. This was seen only in the ascending
boundary and they assumed that it was due to the ogular_pathology

since it was not present in any of the previous studies of other
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diseases. These pattern changes were not characteristic of éach type
of oculer pathology, but seemed to be present in all cases of chronie
intreocular disease. These workers surmised that the alteration in
the escending beta boundary was due either to a breeking up of~some.
complex in the ascending beta boundary, or to the elaboration of a
fraction in response to an antigen in the eye such as uveal pigment |
or lens protein. In this latter instence, the uveal pigment would
probably be involved since these pattern changes were seen in patho=

logic processes not involving the lens,
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DISCUSSION

As can be seen from the foregoing section,:the only disease
in which the electrophoretic patterns are of any diagnostic sighificanoe
ere in nephrosis and some types of myelomatosis. Instead, it seems:
thet more often the pattern is cheracteristic of the hosts reactidnktov‘
the disease or injury rather then typical of the type:of pafhoiogy‘
present, and many times the changes can be'corrélaﬁed‘with the séverity
of the physiologic disturbsnce. This, in turn, ean be dividedhintb
several contributing faetors; the duration or stage of the disease, -
state of nutrition, and a disturbance in the productién or loss of
plasme proteins due to the involvement of certain Qrggnsgétbh asyliﬁer'
or kidﬁey. | | N |

In genersl, there are two defini%e'types of changes seen in
the electrophoretic pattern. Those'invdlviég the albumin and those .
involving the globulinse In nedrly every pathologic state, there ié
seen both a relative and absolute decrease in the albumin. This is
probably associated with two factors which are common ﬁo nany diéease
processes; & deficiency of protein and a general reaction of the body
to injury or infection.

The alterations seen in the globulins can be divided inﬁo two
distinet patterns and these can be seen electrophoretiecally in response
to eany infectious processs During the febrile state of an acute in-
fection, there is first'seen an ineresse of the alpha globulin as well
as the above noted decrease in the albumin fraction. There is only
one exception to this initial increase of the alpha globulin in a
febrile illness, and that is seen in viveax maleria, This increase in
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the alpha globulin mey well be related td the so-ocalled "Cé¥eactiva
protein™ which is in hﬁman sera in acute infections and is found in
the alphe globulin fraction. A later change in the globulin fréetibns
which is found in nearly all infection is a secondary :ise‘of the gamms.
globulin., Similar changes to those noted above are seen in liver
diseases This similarity between the patterns of infectious procéaées
and liver disease suggests that liver dysfunction or injury may play -
a part in the chenges seen in infection in addition to the more obvious
increment of the gamma globulin by stimulsted antibody‘productidno

At present, the practical cliniecal applications of eleétfo-
phoretic analysis are greatly limited both by the c;mplex~and;timsv
' consuming technique and the expense and space necessary to set up the
apparatus. At‘the time of this writing, however, there are several |
new types of apparatus being developed, which overcome many of the
ebove mentioned limitations. Their further developmenf and continued
research will undoubtedly greatly extend the use of eleétrophoretic
analysis in clinical medicine as well as broaden present &ay concep-

tions of a hosts response to injury and disease,
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SUMMARY

The history of electrophoretic analysis was briefiy éiscusséd.
Basic principles, theory, and mathematics were dévelpped'as

well as a brief summary of the apparatus’and techni@ue.

The normal electrophoretic patbtern was discussed as woll as

its interpretation and various factors which tend to'élter_it.
The electrophoretic changes seem in various pathoiogig, coﬁ&itioné
were presented.

The basic changes seen in the serum protein fractions were dis-

cussed with their possible diagnostic and clinical applications,
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