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Rainbow trout (Salmo gairdmeri) wgre found to be immuﬂblogically_'.

competent at both 9OC and lS?C, and’ produced serum and mucus“antibodies
o ) . f
in- response to antigenic challenge with sheep red blood cells. Only

‘high molecular weight antibodies, with -a molecular wéight of abproxi-

mately_760,00g_déffdns, were detected..jkhere was no evidence of
production of 1OW'molecﬁlarqweight antibodies for up to 133 days of
weekly immupization. Two anﬁigenically similar serum immunoglobulin

populations with diﬁfgggg; elect:rophoret:ic'p1:cpe1:t.ies_w::_zzeﬂ‘l,sola\t:ed.r—fr-~ —
|' N +

Mucus antibodies were fpund to be éntigenically similar to se}gm -
antibodies, and immﬁanluorescence microscopy suggested that mlcus

. . < . .
immunoglobulin cdn be synthesized locallys  The results are discussed /

-

« .

with reference to their relevance to defense of .rainbow trout against
. ‘b‘

infection. ' . v

S




’ : . . . .

v ./~ ACKNOWLEDGEMENTS

1 thank my family and friends for their enc‘:éuragexh’ent throughout

,this project. ‘Sebastian's moral support was deeply appreciated. ,'I
. 4
would also like to thank my ~supervisor, Dr, P. Anderson for his

)

guidance, Dr. C.K. Osterland for the use of his 1ai50ratofy\ facilities,

and Dr. N. Gilmo¥e for his helpful suggestions: Sincere appreciations:

go to Yves Trufleau for his capable and patient aséistance in the *

~
.

'latt:er part of this project, to Dr. .S. d'qullonia'for the graphs and

photos; and to Claudia 'Povajnuk and Denise Anderson for typing this

thesis.
-' » ¢

This work was supported in part by a grant from the Deﬁartmer\t

of Education of Quebec (FCAC Q-10). ) ,\/:‘

°

-~ i1 -




- f ' ‘ . N
I * 4 >
" [_‘
L 3 -
° - . TABLE "OF CONTENTS | , .
- ~. . . : t ' ' -
- . PAGE
‘\ ’ ‘ hd \ : - _ ’ . ! . . ‘ . /'
, ACKNOWLEDGEMENTS ... 2% «uvsvese e #nesenpn nnnernsgofoocnnennnnnes 11
LIST OF TABLES wi'fveeeernerenn. AR S AR SRR ;vidd
' a * “ N . 6”‘ . ' '
' LIST OF FIGURES .1uvetovn®orooanocisosoncnssrnenoalionsososassas *1%
R . ) N ’
, LIST OF EQUATZEONS «veseuvaeennctennensnannnnennniifmernenasnons Xi
% . . ) . . ‘.6 e .. L
’ INTRODUCTION . ..v....... TN S SIS 1
1. Functiqns of -the immune fesp_onse .‘.‘......, ........

' v ! F}
s - LI N -
T 1.2 «  Antibody ,structure and classification system..

- 1.3 - 1S¢creﬁory antibody .eviivie it diigiiaa,

’ ' |

1.4 Historical review ......... Ceeseees e e '

1.4.1 TImmunity in invertebrates . ..;......1.. ' cen

- 1l.4:2 Jomunity in fishes w.ovvvieciiiiiiiaeiiiiinae.

’

. 1.42.1 ABNAtNA v v evFronnenerireronensersssonadsessnonnees 6

. - [T

2

1.4.2.2  Chondrichthyes ... ...,...... ST ereeee. 9

=

1.4.2.3° :Cheﬂdrest{:i.........‘-.*r.—.*..*.....‘:...._....A......... 11 ,
~ t1.4.2.4 ¢ Holostedl .eiiiiieeviiiiiiieiiiiiiee e e 11
? . LY ) * +
‘1.4.2.5 Teleostel cuiiiivesaciiiisoassesasvssnssionsessess 12

. b ]
1.4.2.5.1 /_SaJ;monidae / ........ iiee . Te oo s no e Cesereaaaayes 13,

«

- 1.6.2.6 Dippol ....... e R P x|

1.5 Effect of teﬁlperature on antibody production «.... 13
’ *, * o
+ .o <. .
1.6 . Mucus: its functions and involvement in‘the
Immune response ... . e cannn teaeesisrTrecess 14

¢
* v

1.7+ Purpose Of this SEUAY viveeeeutnieinengiiiiesnnisn 15 7




. . . 3 N N ' .
| ¢ e / B : . _PACGE
’ b . [
" MATERTALS AND,METHODS | .. surerernsn]onennrrennsennnniiniienn, 16
‘ < 2.1 . .Experi’men;tal fish.:....‘.T.....x.......:’....::..j..... 6. °
_ , '2:2 ‘ | Temperature studies -....i .. ... Cereeraeas RERERPES 16
- 2.3 . Collection of sémp'leg from {;rout ...... T 1
2.3.1 - Collection Of SETUM wivevsvevnvennresseioesvuns i 16
‘ Lo 2.3.2 Collecéion of mucus . 16
) 2.3.3 Collgcti(;n of mucus cel'Is and prepzfrétio”n of
=11 T=F- b of - e SRERCEEEEREE 17
Y 2.3.4 o Preparation of trout skin for in‘l_n;unofluo;escence
T studies‘ 17
2.4 ) i‘ Immunization of trout 18
w2l 1 . Hurgan gamma globulin .....ceoceiiiiiranaiinena 18
. . '_ 2.4.'2 i Sheep ‘réd blood c'ells‘;“ .......... R Ry '18
- ( 2.5 *  Testing for induced 'antipod}; in imuﬁizecf trout . 18
) 2.5.1 Antibddy to human gama‘ga,\cabuli'n e -
2.5.2 . Antibody to_sheep red blood cells ... R 1
"« , 2.5.2.1. Direct hemagglutination o 20
* ‘ 2.5.2.2 ° Indirect 'hemagélqtination e G eetreeneaaan | 22
2.6 ' Purifi’cat'ion of trout inmunog]\.‘obulin - ceees % .. 24
h ° ' : 2.~6.l R Ammon.ium sulfate precipitatio;x heren e e ....... T 25
2.6.2° " Sephadex 6-200 gel filtration crrenas Cerbeireneane ‘25
g .2.6.3 Sephacryl S—-300 gel filtration .. ’ ciserresadd 226
| 2.6.\4. - DEAE anion-exchange clhr;amatogr_‘aphf R .. .-=. .. 27
’ 2.6.5 , \Prep.arati’ve zone electréphqresis on agar gel ..... Zé
. @ ‘
’ T 2.7 o ‘Estimation of the molecular weight of trout
o 0 “iqmunog}obu_lin................................... 29
;3.8 . Analysis of protein fractions .“' cerraesences 29
. 2.8.1 Ouchuerlon’y dougle dbn:.gfusion' R 1
o » ” . | ‘ \ .
- ° - iv -




v
s
)

"l

‘e

- - .
/ ot »
. f
v

. !
§ . " .
) © o V - I;AGE.
2.8.2 s 'Immuno'ele-étrophores‘is ..... S e enennrongsananironn 30

2.4 ° .+ Iomunization OF Tabbifs veeviesseeeeseenernens " 32
2.9.1 Immunization.with whole trout serum ............. 32
292 o immunizati’on ;.qith purified tr‘ou.t iﬁunoglobulin. 32
2.16 ' { Col_léctiox; of serum froui immuni'.zed’.rabbits sete e e 33.
2.11 In;mﬁnof’luores_,cence .microscopy of trout mucué )

and skin .,eceeann e e e e e Jeaea teeannress 33

2.12 ¢ aProtei'n-measuremeQ.ts e e e . 35

) 2'.13 B .Conqt_antration\ of samples R AR e 3.5
RESULTS -« v v masvevnensennsresnnnnsnnesenesseeennoneneie 36

4 \ .
3.1 ~Antibody ;;roduction in rainbow tTout ......ev.p. . 36°
3.1.1 v Antion}; response following immunization with

‘ human gamma golobulin ................. oo SRR 36
;3012 . "Natural e\mtib’odiés"‘\i‘n rainbow LTOUL .. .v.... .36
3.1.2.1 * ;Natural he‘magglutinins ‘ .36
3.1.2.2 Na;tural‘hemol‘ysins .. :37
3.1.3 ’ Ind;xced anti‘l‘;odi\es to sheep red bloo'd ;:ells " .;.... 37
3.2 - . Effect of tempera;ture o'n('antibody production ... 37
3.3, Purification of_ trou;: immunoglobulin ........... 3-9
3.3.1 Ammonium sulfate pre‘cip'it:;tion i R 1)

. 3..3‘.2 _ Sephadex ¢-200 gel filtration . e \J ol 43
3:3.3' * Sephacryl $-300 gel f:':ltration B
3. 3.2; . . DEAE anion-exchange E]'xromatogr‘aphy ven . T %
3.3.5 Prep;r‘ativé ;zor;e~;:lectrophoresis, on agar gbl ... 4%
3.4‘ ~ Characterization of trout immunoglobulin . v .o 48

] .3'./4.14 ’ Att’em{:;s to identify 7S ii!\lmunoglobulin in trout. 48



.“ -
. , : . |
A ¢ ) ’ ' . 1
l (.9
A . 4
f . ' _ - ) PAGE
3.4.2 Determination of molecylar weight of trout .
‘ immunoglobulin ....... e et eeeiaeee R \ 48
3.4.3 . Purified trout immungglobuldns: two populations
s “with different electrophoretic mobilities ........ 51
3.5 .Spehificity of rabbit antisera raised against

trout anodic and cathodic immunoglobuling:. g...... ‘53
'3..5.1 P  ADSOLPtion SEUALES +vvveevenrersees sneeeennnneenns 53

3.5.2 Double diffusion and immunoelectrophoresis

' studies ..... tre e e et e e eiibe et s ‘. .. 55
3.6 Studies ;)n mucus from 'rainimv‘v t-:roi.lt' . l‘ 55
3.6.1 ¢+ Enduction of mucus aftibodies t:‘o shegep 're‘d b’loc;d f
" B = - O U .
3.6.% ) Relation of muCl:lS antib,od'ies Ito serum antibo.die:s".. 57
3.7 ' Microscopic studies on l‘;I’OL:H; mucus dnd skin ... poo 57
3.7.1 ) MUCUS SMEATS +vv e vvruersnecese deeeeannanennnansens -57°
'3.7.1.‘1‘ ' Wright'sl'stain,.:....:.~.........................,..' 57\'_
‘3.7.1.2"' EImmunof luorescent studies ..iy 60
3.7.2 Skin'section.s b e e e ettt e ettt e e enaes 64
3.7‘.2.1 . Hematoxylin-’, and c_eosin-,—si:ained frozen ss;ctions . 64
3.7.2.2 Immunofluorescent studies ..... e Soeeeiin, 64
DISCUSSION ©vuuuvrreecatonninneeranenns [“j 69
4.1 Induced tolerance to human gamma globulin in ’
' ETOUL vt v vininesesnnsiseeaassanaronasginnnnnsees 69
62 Natural "an;:ibo'dies:' in trout .. [ e e 71
4,201 Natural agglutinins «oveeecesvereeseannnes. !
| 4.2.2 . Natu‘ral hemolysins .............00v errreswaenash 72 -
‘ R N
4.3 , Production of specific anti-sheep-red-blood-cell

antibody” in trout, and effects of temperature .... 73

a

b.b Characterization of trout immunoélobulin Y XA

-

L}

- vi ~



A\
«P‘.
-
»

4,41 Two populations of high molecular weight
. o immunoglobulin with different electrophoretic
CB' ° mobilities ® o e 0 a0s a0 e e Cess et s e ertsse e e brsere

4.4.2 Attempts to detect 75 immunoglobulin . e eeniees
. i .

; 4.5, ‘ Body surface mucus, and its involvement “in
P : defense against Infection .......... B
' 4.6 NFINAL COMMEMES, tevevv onnneetesoonneeesncannnees

e . ' ' . e,
' SMRY,.to.':t'-.-coul'....l'.ll....CQ‘D..O!....".n.:‘..ol...

AN - o o &

: BIBLIOGRAPHY l'.l.lclo!....0.'-!...‘.'.4"’0.l'.li‘l0.Q.Q.:'l.'

-
. > .
v ! v
M 6
. R
° : . .
~ ° . .
1
3 - »
-, .
. .
‘ .
o °
Ll .
-
»
E r .
’
»
N
. o r -
€
i 3
£
N
f
n 11
.
- >
- Al
.
B
'
' .
.
s
. &N
v . =
¢
1
"
N
¥ 2 -
\ .
)
.
3 3
-
1
!
.
L3
.
“
‘ 4
Y ’

.- vid -

£

o




Table

Table

/ .
> . LIST ?f’ TABLES _

L B

v >

. " '/ ',;v

.

Long-term studies on' serum antibody production

‘in-a representative group of 6 trout,-kept at

10-15°C and' given weekly 0.5 ml intraperitoneal
injections ‘of 20Z sheep red’ blood cells for 31

wéeks, then monthly for 2 months.

N

- , 4
Serum antibody production in 7 rainbow trout kept

at 9°C and given weekly intraperitoneal injections -

of 20% sheep red blood cells.

Serum apﬁibody production_ in.7 rainbow trout kept
at 15°C ‘and given weekly intraperitoneal injections
‘of 20% sheép red blood cells. -

The moleculdr weights, elutiqn volumes (V,) and

Kgy values of the 5 proteins used to calibrate the
Sephacryl’ S-300 column which was used to determine
the molecular weight of trout im}tlunoglobulin.. '

Effects of absorption of immune trdut serum with
rabbit antisera against trout immunoglobulin.
"

. Effects of absorptien of mucus extfact with rabbit

antisera against trout immunoglobulin.

-

/

- viid -

PAGE

38

49

'54.

59

\

e

LS HPE S L)

2k

Rt



e

Rl

—-

.Figure 3.

+ Figure l.'

Figure 2.

Figure 4’.

Figure 5.

23

Figure 6.

Figure 7.

Figure 8. '

, Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.

Figure 14.

Fi_éure 15.

AT
1S

LIST OF FIGURES

4

: Schematic representation of a monomeric

immunoglobulin molecule.

Scnematic representation of circulating 198
pe: n:americ IgM.

"

Diégrammatical tree of the phylogeny of the

vertebrate classes ..

Diagrammatic representation of the direct '
antiglobulin test for the detection of "complete"
multimeric am:ibody

Diagrammatic representatioh of the  indifect
antiglobulin test for the -detection of "incomplete'
monomeric antibody.

; )
Sephadex G- 200 column chromatography of 40/ ammonium
sulfate-precipitated immune fish serum, showing
presence of antibody in the excluded fraction.
Sephadex G~-200 columm, chromatography of "immune trout
serum. . S * "
Elution profile of immune trout saf.Jrum on Sephacryl
S$-300. . .

DEAE - anion exchange column chromatography of inhune

trout serum.

Agar ' gel eledtrophoresis of immune trout serum at
pH 8. 6 )

Selectivity curve of a Sephacryl S 300 column
!alibrated with five protein standards. '

PAGE

23

42

44

45

46

L 47

20

Immunoelectrophoresis of purified tro’ut iunnunoglobulin 52

with cathodic mobility.

Imunoelectrophores:.s of purified trout
.immunoglobulin with anodic mobility.

¢+ A double diffusion study of rabbit anti-anodic- |
and anti- cathodic-immunoglobulins, developed against

whole trout serum.
t

. -

Immunoelectrophoresis of normal trout serum,

52

56

56

developed against rabbit anti-anodic- and anti-cathodic

immunoglobulins.

S



Figure 16.

. ™ ' Figure 17.

a»

Immunoelectrophoresis of trout serum and mucus,

developed against rabbit anti-whole-trbdut serum.

- S

.Diffusibn séudy of

[N ~

trout serum and mucus, developed
immunoglobulins, showing

antigenic similarity of 'serum and mucus

a Wright's-stained smear of

t

a trout mucus smear, ghowing
cell.

X ) against anti-trout-
x immunoglobulins.
. i Figure 18. Photomicrograph -of
’ i trout mucus cells.
Figure 19. Photpmicrograph of"
. . a plasmablast—~like
. Figure 29. Photomicrograph of a
Figure 21.

,Figure;22:

Figure 23.

Figure 24.
A\‘ , . ¢
\ At

‘Figure 25.

o

Figure 26.

Figure 27.

trout mucus smear.

Photomicrograph of a:trout.mucus smear . ;
Photomicrograph”of'a trout mulus smear,'showing a -
piasmacytoid cell. ’

~ ¢ - B 14
Photomicrograph of & hematoxylin- and ebsin-stained
frozen section of trout skin.

Photomicrograph of a frozen section of trout skin,
showing localization of antibody in the mucus
blanket and between the cells of the epithelium.

o -

Photomicrograph of a frozen section of 'trout skin;
negative ‘control, showing lack of fluorescent
staining.

A
a

: . . .
Photomidrographs of frozen sections of trout skin

Photomiﬁ?ograph of a frozen section of trout skin,

"showing g cluster of cells with cytoplasmic

fluorescence. ¢ .

ot

- X -

PAGE

58

58

61
62

62
63

63
65

66

. 66




» -
~o -
<
- + Equation
- .
) ‘ a o
<@
. .
* . o
N
/
. . .
u .
-
- ' .
v - - !
-
.
R
-
1 ’
A)
.
z
ld i .
/ s
/ *
// -
C .
Al
.

&
b

~

. ' o

" -LIST OF EQUATIONS  _. ’ .

-

4

” -

N , o
- . )

Formula for calculatiom of distribution .
coefficients in goleculat Sieve column N

chromatography. - . ’ .
° ! ahaad -
» . «
a4 o —— -
. N .
B L A - .-
» ~ >
[ . . "
N
/} -
T - .
~ .
° - :
. ", '/ .
. B . . .
- - . T .
» L. N . .
' . 9 . : " ‘e :
v N .
: &7
N " .
, . B
H Y 4L M : -
. . . .
, .
1 h - -
-‘ -y » 0
\ 4 3 »
- - - P ‘
- ~ t
/ H @ ] - ’) ‘
- o L
. . . 3 . . .
. ‘ .
' ‘
. r
o . N L ' ¥
« ! ' / . 3
- M. ' ¢ - e B
.
¢ . ) .
N
A _
-
\ ! .
R . '
] ' “ el
~ -
. ' ’
3 . B ,
r ‘.
b' N -
» ! =
N . s
. 2 *» a . I
. § . ,
: - N
. ’
) M $ .
' 2
i o ./
-
(-? &
* .
R A
, . .
- - ‘ ~
« . '
. .
.
. . i -
v - ) . ©
.
N |
~ " ‘ [
< . R N
\;«.'a .
. : Lt NG
B - LN ’ L
4 . . A
I :
.




i

R A L

' -
.
'
.
L3 y
. -
- s
-
dl«
a
it
-
Y
'
.
.
x
‘ $
. .
e
[P
- ©
3
Y
.
. a
ﬂ .
.
-
> -

o

INTRODUCTION .

~




.
] ’ AXY /
- 1l ~ v N N

N
- l - - \\
o

N

1.0 : General Introduction’, e
The immune *system igr5 responsible for an organism's defemse against
infection by foreign agents, but is an often ove,tlfooked aspect w'hex}f

studies of various body 'systems of fish are carried out. There are *

>

\ -

many reasons for pro-pos)yng more intensive stuc\lies of fish immunology.

Many species of fish,» for example, are ecohomically i_ukyortant to man;

.some are bred in hatcheries and are released into lakes and rivers for

restocking purposes. It would be of great advantage to be able to
o

induce a ‘long-term fprptect‘:i\ve immunity against infectior'l din th'ese fish
prior to their release from hatcheries. '£‘his is not yet fgasible,. and .
.a further understanding of fish immunol\ogy is ‘eeded to determine
optimal modes and conditions for coriferring protective immunity. ‘

Chemicals released by man into the aquatic environment can

~ » ¢

s:éfiously~ affect‘re‘production, development, ‘growth and behaviour of .

-

fish. Toxicants could also conceivably affect the immune system of
[ 4

fish, and some insight into the effects of these tqxicants could be

- gained by using immunological parameters when studying populations of.

. . 6
fish which have been exposed.to pollutants and toxicants. Finally, a

\
‘

more thorough investigatio\n *into the immuni.ty of fish could further
our undez;standing of immunological develo'm‘nents‘v and functions as they-

relate ‘to man. ' \
/- ' \

1.1 Functions of the immune respbnse N

‘A brief description of a well-studied, highly advanced immune

. 1
response, 'that {ound in mammals, will be presented to introduce -basic

concepté which will be referred to in the dis‘cussion of fish ‘immunology. -

The mammalian immune response 1s divided into humorai and cellular

.
I

14
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A

&

>

\

components\Whigh are mediated by "B" and "T" lymphocytes respectively.

~

The B lymphocytes are responsible for the humoral response, thrdgzzathe
J

pro&uction of antibodies, and T lymphocytes mediate certain, cellular
"2

'responses such as reJectioS\of grgf%s and immunity against yiral

a

diseases and against {nfection with intracellular bacteria. Both B and

T lymphocyte-mediatéd responses are specific for a particular inducing

F

antigeh afd have a memory component, such that if the same antigen is,
encountered after.the primary response has subsided; a more potent i

secbndary response, with a sshorter latent period and a slower return to
. i &
pre-exposure levels,-is elicited. Specificity and memory (anammesis)

characterize the true immune response, but non-specific mechanisms;

- S N

"such as phagocftosis by polymorphoguclear cells and macrophages, the

‘complement system, lymphokinesy lysoscmal enzymes and vasoactive amines

serve to augment the immune response.

8 . :

1.2 Antibody structure and classification syst;h

Antibody molecules, or immunoglobulins, have a comméy/Structure
7

which consists qf four polypeptide chains, two idenéical heavy

chains. (Hz)p and two identical light chains (ﬁz), which are held-
/

st

together by non—éoyalénf and disutfide(honds (Figure 1). Classification .

of immunoglobulin depends on difféiences in primfPy structure of the

heavy chains; humaﬁ immunoglobulins, for example, have been‘assigned to

5

five classes. The classes are IgG, IgA, IgM, IgE and IgD, their heavy

hains are gamma, alpha; mu, epsxlon and delta respééfively IgG, IgD

\

and IgE exist in.the serum as 7- SS MONomers (H2L2) &gM is present as

a 195 pentamer (H,L )5, a small polypeptide, the "J" or joining chaln

272
lipks the five subunits of‘IgM into a circular configuration ﬁFigure 2).

N
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Serum IgA is present in monomeric (HZLZ)’ dimeric (HZLZ)Z and trimeric’
(H,L ' '

2)3 for@.

\ P r“i
1.3 Secretory antibody

had A}

IgA is the major imﬁﬁnbg}g?ulin present In external secretions of

the gastrointestinal and respiratory tracts in’ humans.. This“seqretofy

IgA,is dimeric and contains a J chain simpilar to that found in

[

X p%ptameric IgM, and a protein with a molecular weight of 71,000 daltoms

‘called the secretory plece. The secretory piece probably‘functions toy

v

protect the secretory IgA moleFules from proteolysis by the enzymés

present on the mucus membranes. Secretory immunoglobulin does not -

-

originate from blood and body fluids, but is’produced locally by plasma

cells (mature antibody-producing B-lymphocytes) present in the lamina

’

propria of the respiratory and gastrointestinal tracts. Secretory

\

plece is produced by serous epighelial cell$. As the secretory immuno-

: ' 9
globulin diffuses toward the lumen, it passes between and through the

'
N

epithelial ce%}s where it becomes bouynd to the secretory component, and

‘

~

&

is released onto the surface 55 the lumen. ‘ . £

1.4 Historical review

1.4.1 immﬁnity in inve?teﬁrates . | ,
All animals are capable of defending theméélves from infection in

a hostile’environment, The complexity and specificity of the defense

mechanisms iﬁ;rease as animals ascend the evolutiona;y 7éale. The moést

oprimitive uqicellulér animals, the protozoans, phagocytose and hydrolyze .

foreign particles, and, while this pfocess'ié a form of feediné, it
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cellular responsF involving specificity and at least short-term memQry

‘preceded the'capacity for humoral antibody response. .

af o =

A ’
‘

.t . : 2
offers protection against envirommental organisims as well. Multi- ~°

7

-

ceilqlar invertebrates show a more sophisticated defeﬁee_system: cells
found in hemolymph or coelomic fluids of annelids, crustaceans and

insects, for example, have been shg&n to carry out non-specific phagd—
' I8 -3 8 '

, cytosis of a variety of inert particles, cells and bacteria.

" Humoral defense mechanisms have also been reported in these inverte—

brates. The blood and body(fluids of. many different invértebrat€ forms

bring about agglutination, precipitation and lysis of widely different
5,6,9-12 ( . :
antigens. T . These are probably not true B-type humoral immune

responses, however, as the specificity of these responses is question-

o

able. Molecules analogous %o'mammalian immunoglobulins ‘have not been

' 10,12,13 :
identified in any invertebrate species. T There 1is evidence of

/

in some of the advanced invertebrates. Acceptance of autografts~

. 1 ¢

(tissue grafted back into the original dormor) and rejection of allo-

S

grafts (grafts between members of the same species) and xenografts i

(grafts between species), with accelerated rejection of second- and

third-set grafts (second and third grafts from same type of donor)shas
14 15 16

been reported in annelids ’ and echinodefms . It seems, then,

- - 0
i

‘that‘specific cellular immanity appeared earlier during evolution, and.
14,15,17,18 -

-

~ .
o . N N

1 ar’g' . , . . 3

A

1.4.2 Immunity in fishes'(see Figure 3 faqr phylogepy)

*

1.4.2.1 Agnatha

Specific immunological responsiveness has been definitely démon-~

-
strated 1n the hagfish, a representative of one of the most primitive
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vertebrates. Hagfish have been shown td be capable of recognizing'and

K
-~

te%ecting skin allografts, the rejection process is specific ahd shows

19,20
immunologic memory. Hagfish produce specific serum antibody in

regponse to injections of a number of cellular and soluble
19,21-23

antigens. The antibody, a‘macromolecule, was first describeu

- 19,22 .
as bejng similar to the IgM of higher vertebrates. ’ Later,

. 24
Deldannes dand Hildemann (1975) were $hable to find any evidence of a

mu-like heavy chain component in hagfish immunoglobulin, and~p§0posed

"thet the immunoglobulin is a multimer of light chain components alone.

Reison et al (1978)23 tepofted that.hagfiiﬂ have both high molecular
weight aﬁ& low molecular weight antihody, and that the high molecular
weight molecules dissociate into the low molecular weight forms. They‘
found that the heavy chains of h@g{ish antibody were similar to the.
uu—chains of mammalian TIgM in molecular weight, but that the light
chains were signiflcantly heavier than those of their mammalian

’ . .

counterparts.

Conflicting results have alsg been reported in studies of the

LN

. 2
structure of lamprey immunoglobulin. Marchalonis and Edelman (1968)

repotted that two antigenically slmilar forms of immunoglobulig, a 78
and a lAS'molecule-exist iu the lamprey. The 7S protein could be
brokeu down into heavy and light chain components, and the heavy chain
was found. to be similar to the IéM heavy chain of higher vertebrates .
in molecular weight, multichain structure and\diversity. They found
the immunoglobulin molecule to be extremely %abile ane postulate& that _

q

lamprey- immunoglobulin consists of two’ light and two mu-like heavy

.chaihs which are lacking interchain disulfide bonds. The 14S

" molecule was thought to be an aggregate of 7S molecules. Although

r



6 : : 27 ‘ - .
 Litman et &L, (1970) and Pollara et al (1970) agreed that 1appreyy .

]

immunoglobulin lacks interchain disulfide lidkages begween its major

5

subunits, they found the antibody to be confined to a 95 fractiom, with,

no evidsnce of counterparts to either heavy or light chalns’of higher

~

vertebrates. 6 . i !
&

144.2.2 Chondfichthyeé
\ . - ’ . o . . N . ! -

* The immunoglobulins of the more highly evolved cartilaginqus o
fishes have been sémewhat'better chagggteriéed. Sharks thave both high

. ' R 3

molecular weight (195) and low molecular weight (78) forms of anti-
28-35 ’ '

bodies. Both forms of antibody are very similar to mammalian -~

.

immunoglobulins: they are composed of-équimolar amounts of light and

' ’

heavy chain, the light chains are similar to those fouhd in immuno-
globulins of higher vertébrates, and the heavy chains of both resemble

those of mammalian IgM. The 195;}&2:75 antibodies belong to the same :

IgM-like class;the 7S form is a monomer <H2L2) and the 19S5 f8Brm is a

ve

. . .. 36
pentamer (HZLZ)S of 7S subunits.?8:29,30-35 Mccumber and‘Clem (1976)

were able to isclate and characterize what appeared to be the J cHain,x '
from the high molecular weight immunoglobulin of the nurse shark.

It has been postulated tﬁat,\although both monomeric and pentameric

S

antibodies belong to the same immunoglobulin class, they function and are .

_ 32
distributed throughout the body as if they were of different clasges. .

i -

There appears to be no extracellular interconversion of 19S and 7S
; : . ’ 32 _
antibody, either in vivo or in vitro. It has been reported that

¢ ’

\JN\%équential antibody praduction occurs in éharksz that the first anti-
. . L ‘
bodies produced in response tp antigenig stimulation are of the high

molecular weight type, and latex, after months of immunization, of the

~ -

téry




IgM there was dgiincrease in affinity of either form of immunoglobulin

.molecular weight méterial 6nly. They speculated that low molecular

‘- 10 -

.-JA
28,34,37 , © 38 '
7S type. - . Sigel et al (1972) found that, after prolonged

immunization, there was’ a significant® increase in the binding affinities
. N ‘ ! )

. \ . » '

"of nurse shark.75 IgM, but not of the 19S5 IgM.

v ’

C It has also been recorded that 'some sha}ks produce only 19S IgM-

antibody in resp%:ié to immunization, while other sharks, someti£;§
b 39,40

fr&m\the same group of fish, produce both 19S5 and 75 IgM.~ In the

sharks producing only }QS IgM, 7S antibodies were not detectéd even

! . 14 ‘A‘w "'—\_ - @ s

after prolonged immunization, while in-shafgs producing both 19S and 7S

s,

s ~

. ‘ ) .
ovér a period of many months after immunization.

There ha%e been reports of the occurrence of shark immunoglobulins

41
which differ from the typical IgM-like antibodies. Gitlin et al (1973)

-reperted that sharks have dt least two, and as many as four, distinct

classes of i{mmunoglobulins, some of which are present as both high

molecular weight and low molecular weight components. They did not,

'
’

however, isolate and characterize the individual immunoglobulin classes

to determine wh%thef or not any resembled those of higher vertebrafes.

‘ L2
Fuller et al, (1978) found that in immunized nurse sharks the heavy’

chains of the majority of the 7S antibodies were not similar to those

of mammalian IgM, but seemed to be more closely related to the gamma
chain of mammalian IgG; 7S immunoglobulin with a mu-like heavy chadin

seemed to constitute a minority. These findings have yetf to be

q

substantiated by other authors.

Johnston et al (1971), . working with pnothe; chondrichthyian,

the stingray, found that antibody activity was confined to high

weight immunoglobulin probably does exist in the stingrqay, but was not

4
)
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- mobility.

detected by their methods. ,The stingray macroglobulin was found 'to be

functionally, physicochemically and ultrastructurally very similar to
- .
the IgM macroglobulin found in mammals, and electron microscopy con-'

-

firmed the pentameric structure of the 19S protein. Ma_rcha]zo?iis and
Schonfeld (1970)“1+ reported that aithough ’high molecular weight ant:{:—
body is present in the serum of stingrays, the major i’nnnunoglobolin .15‘
a dimer (HZLZ)Z with a sedimentation coefficien't of 118. The heayy

chains of both forms of immunoglobulin wére found to .be similar to the -

mu-chains of humén IgM in molecular weight and electrophoretic

1.4.2.3 Chondrosgei

\
!

The paddlefish, Polyodon spat ﬁla, a represe?tative of the prim-

o

itive ray-finned, chondrosteans, has one form of antibody. This 14S
molecule can be broken down into light and heavy chains, the amino acid

sequences of which are gimilar to those of mammalian IgM. Electron

1

microscopy shows that the 148 molecule is a tetrameric (H )4, rather

4s - ;
than a pentameric, form of IgM.

~N
1.4.2.4 Holostei
Similar results have been reporEed in holostean fish; the gar,

Legisosteus, produces oniy high molecular weight type of antibody to a

¥5-48
variety of antigens. The isolated 14S immunoglobulin molecule

t

could be bfoken down into eight heavy and eight li-ght chain components,

and the molecular weight, amino acid sequences and pﬂ?f)%rtion of heavy
- L6
and light.chains were similar to tho‘se of mammalian IgM.  The tetra-

meric structure of this 148 molecule has been confirmed by electron

45,46
microscopy. - . . "




1.4.2.5 Teleostei 5

It appears that some teleosts have only tetrameric IgM~like immuno-
A
globulin while others have both tetrameric and monomeric immunoglobulin.

45
A single high molecular weight antibody has been descrlbed~in catfish

' . 49 : Y50
and the gray snapper. Mestecky et al (1975), were able to identify

and isolat.:e catfish J«‘bhain, which has a.molecular weightl of approxi-
mately 15,000 and appear‘g to be coyalently‘att'acﬁ’ed to ‘the tetljfamelr by *
disulfide bonds. Goldfis‘h haw;e been reported to have two populations
of hlgh molecular weight 14S antibodies which are dlstlnguishable from
Leach other by net charge only,51 §2there was apparently no size dif-
ference b.et'ifeen these two forms\of immunc\)gloﬂbulin, and .t'hey ‘were anti-
genically similar. Uhr et al (1962533 repor;:ed both high molec:ularx

weight and low molecular weight antibody in goldfish, with a shift

, Sk ‘
~_ from 195 to 7S with time. Marchalonis (1971), however, found evi-?‘
N b .

dence that the low molecular weight immunoglobulin of cyprinoild cayp
-and goldfish is an in vitro degradation preduct‘of the 19S5 1me glob{:—
1in, and is brought about by storage at 4OC.. Both high molecular-

‘

weight (16S) and low molecular weight (78) IgM-like immunoglobulin |

: have( been described in groupers, margates an?bluegill sunfish.37> 5558

«

1.4.2.5.1 Salm*gidae

Salmonids have generally- been described as hav1ng only high moles
cular welght immunoglobulln, a 16-18S tetramer of IgM—like 75 monomers.
‘Cisar and Fryer (1974) have reported that there ‘are actually twp
populations of this tetrameric antibody, that they ere‘antigenica\lly

related, , but arefaistinguishable from each other by different electro-

phoretic mobilities on agar gel electrophofesis. Others hawe reported

*
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imgunoglobulin of only one electrophoretic mobility. 'Tﬁere \.

{'dﬁpears to'bg no. shift from high molecular weight to low moléqdlar

weight antibody in brown trout; antibody remains in the high molecular
. ‘ < !

- ’ 65
weight fraction in both primary and secondary. responses. Alexander

. 66 ' - : o : ,
et al (1970) have reported the presence of both high molecular weight

19§ and low molecular weight 78 immunoglobuiin'in fhe serum of healthy

~
S

" and digeased salmon.. They étated'that-they were able to idéntify 75
- antibody in the serum of all of these fish, but ﬁﬁat 198 anfiﬁpdy was

latking in some. S ' -

!

~

1040206 DipnOi ' -

;o v CI

Clear evidence of the emergence of a second class of immuno-
el \ :

. . ) ) _
" ,globulin distinct from IgM-like molecules is first seen in dipnoid
67 T L . L .
lungfish. High molecular welght (19S) IgM-like immunoglobulin is

maintained .and an aéditional sﬁalier 5.98 antibody molecule is found.
v - - .

. The heavy chains of this new immunogiobulin do not resemble those from

any of the major immqqoglobuliﬁ‘classes of vertebrates.

1.5 Effect of temperétufe\én'antibody production
: . b

-

Anmbient tempefatufé has been found to have a profound effect on

. -
\ N~

the immuné response in poik}lothetmic vertebrates. Studies cafried ’

out in the wild have shown that incidence of disease in fish varies

. " 68,89 .
with seasonal changes in ,water temperafure. ‘, _Tontrolled §tudies

-

carried out under labordtory conditions have shown that pﬂikilotherﬁs

L4

are.more‘registant to initial infection, and if already infected, are |
’ 70

. R i «
better able to rid themselves of disease at higher témperatures.

v
-

) 'Poikilothermé<§hich ﬁaye been infedted wiph Tive or killed.pacteria

(
-

B T el At

g — e -
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Co . - - ! , 71 »
seek out a higher than norma% temperature when possible. Early experi-

'

ments, in which poikilotherms were injected withf antigens at varioﬁs

\

-

temperatures, showed substantial antibody production at high tempara-

" : 72-75 )

-tures and little or none at low stemperatures. Others have shown
' 76

that antibody production often does occur at low temperatures, but

T '69,77,78

that the rate of production occurs more slowly, such that many

. 79
weeks or months may elapse befoye detectable titers are demonstrable.

. - ’

1.6 Mucus: its functions and involvement in the immune response

The' outer surface bf fish is,éovered by-a layéf of slimy mucus,
to which a number of functions have been’ ascribed. Rosen and Cornford
(197.1')8'0 postuiated,that fish‘mué;s assists in, locomotion by reducing
surfqée~friction of the .figh as\it swims. The contIguous replacement
of mucus problably also protgcts the fis@ agdinst colonization by
parasites, fungi, and bactgrfé:lit has been noted that fiﬁs of tgzqt,
;nA char have significantly fewer mucus—producing cells than- the rest
of the body, and that.in an outbreak of SaErolegnia, 1nfected fish
developed fungal patches on the fins before the rest of the body was
affected. 8 It has been suggested that mucus may play a part in
ma}ntaining osmoregulation in fish:_82 ‘The reported coagulétion of
suspended mud particlis by fish\mucus could cbnéeivably,be of survival
value, especially at the level of the gills, where such precipitation

! .
would better allow fish in turbid water to obtain a continuous supply

: 82 , # '

of oxygen.
That, this skin mucus may provide more than a passive barrier from
infection is seen by studies.carried out on the Amazonian discus fish.

Newly-hatched fry feed on a mucus secretion gerivéd from parental

"t

-

e

v

-

»
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‘epidermis; the fry die in thq absence of the parents, but survive \if

they are reared in water to which broad-spectrum antibiotics have been
' 79 . N
added. It seems, th‘en, that the parental mucus is able to confer a
- »

protective ']meunity upon the fry. Lysozymes and lymphocytes have been
- 83
described in catfish mucus -and specific antibodies in response to ¢
’ . . a8y -

" antigenic stimulation have been induced in the holostean gar and in

. 85 . ) .
- the teleostean plaice. These antibodies are of high molecular weight

and appear to be related to serum antibodies j it has been pogtulated

that a secretory system similar to that found in mammals is involved

. 8L 85
in the %&ynthesis of these mucus antibodies. ’

1.7 Purpése of this study o

4
¥ ‘

The present stﬁdy was undertaken to study some of the humoral
agpects ‘of the immune system in a primitive cold water teleost, the '

rainbow trout (Salmo gairdmeri). The effect of temperature on the

production of serb.m antibodies was investigated. Attempts were made

to identify high molecular weight.-and. low mglecular weight ahtibody

in rainbow trout. Serum and mucus antibodies were ident;fied and

their relationship to%ach’ other was iAnvest‘:igéte_d_. An attempt was

- made to determine whether or not mucus‘antibodiés are produced -

locally: dimmunofluorescence procedures were emplo'yecg for identtfication

of antibody-secreting cells at the level of the gkin in rainbow trout.

»
’
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2.0 Materials and methods

2.1 Experimental fish .

‘Rainbow trout (Salmo gairdnéri) were purchased from the Lac &

1'Eau Claire hat:cher§ in St—Aiexis—des—Monﬁs, Quebec. Only those

trout weighing more than 500 grams were used in these studies, as

o . -

small rainlﬂw»tr(ufhave been reported to respond poorly to antigenic
g \

stimulation. 86

Experimental trout weré maintained in *tanks with a
. N )
continuous flow of dechlorinated water, and were fed daily with a

commercial pelleted dry food.
: . -~

2.2 Tempere;ture studies .o ‘ )

Groups of seven fish wé.re kept at eit};er 9°¢ i'O.uSOC or at
15°C + 0.5°C. Care wis taken so tl‘.xat temperature was the only
variable: both group§ of‘ fish received tle same amount tar‘xd type of
light, water flow was tile s ame .in hoth tanks, and both groui)é of

fish were fed daily at the same time.

1

2.3 Collection of samples from trout

2.3.1 Collection of serum

Trout were anaesthgetized with tricaine methane sulfonate, (Sandoz” ~

”

or Sigma), and bled from the dorsal aorta with a 23-gaﬁgek needle. The

blood was allowed to clot for one to two hours at room te‘mperature,
) . ' o - .
and overnight 4t 4 C. Serum was separated from the clot by centrif-

B - » ~O
ugation and, if not used immediately, stored at -20 C.

3

&
2.3.2"° Collection of mucus

'

The body'surfacé’of anesthetized trout was rinsed with normal

saline or water. Mucus was gently scraped from the surface of the body;
o - N
L]
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. Qui-kstain, Scientific Products). Slides to be used for immunofluo-

Slides were processed for imunofluoresc'ence_as described 1in Section

2,11,

care was taken not to include blood or other body fluids in the saml_:le".'

. L}
Sterile saline was stirred into the viscous mucus 'samples, the mixtures

/

. . o
were centrifuged, and the supernatants were stored at -20 C until f\used.‘

1

o

2 3.3 Collection of mucus cells and preparation of smears

Smears of - ;r’out mucus Were made on glass microscope slides with

¢
a cotton—tipped applicator stick and allowed to air-dry. A reference

slide was stained with buffered differential erght s stain (CAMCO

rescence studies were fixed for 15 minutes in 5% (vol/vol) glacial

acetic acid. in absolute éthanql at —12°C, a procedure which has been

, . - , 87
used successfully for’ fixation of cytoplasmic immunoglobulin. The’

!

slides w?re washed in phosphate—bdfféreci saline pH 7.4 and processed

for immunofluorescence as &%sdribed in the section on indirect

.immunofluorescence (Séctian‘ 2.11).

N
1 (

k)

C2.3.4 Preparation' of trout skin for immunofluorescent studies

Specimens of skin were removed from rainbow trout, quick-frozen

4

in isopentane on dry ice, énd stored at -70°C until used. Tissue

4

, blocks were cut into afmicron—thick séctions on a microtome-cryostat

(IEC mo_del-CTF) and transferred ofito glass microscope slides. .:For
N 1 b}

orientation purposes, several sections from each block were stained
. . .
+ C 88

with a hematoxylin-and-eosin stain for frozen sections. Slides to

be used for immunofluorescence were allowed to air-dry for one hour

and were either used the same day or dﬂor_ed at -7OOC until use.

=
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2.4 Immunization of trout
2.4.1 Human gamma globulin | )
. »
A six percent solution of human gamma globulin was obtained -from ‘ T

4

the Swiss Red Cross ’(3 00 Berne 22, Wankdorf Strasse 10, Switzerland).
The solution was dilutfed to 20 mg per ml and mixed with an equal amount
of complete Freund's adjuvant (Call;iochgm). Initially, a volume of

: 0..1 ml, containing 1 mg of protein, was injectéd intramuscularly, into Co
each fish:' Subsequently, the trout were'boosted'with 1 mg of the

gamma globuiin solution‘in saline at weekly in/terva‘ls for ten weeks,

. then at two 'or‘three week intervals thereafter. FiS;l were bled (.Se::t

. ti'on 2.3.1) and t:.ested for sertw’antibodies (Section 2.5_.1) starting

the second week after the first injection.

2.4.2  Sheep red blood cells -

Intrapéri;:oneafipjections of sheep red blood cells have been
‘reported to,induce production of specific anti-sheep red blood cell
86, 89 ) N

antibodies in rainbow trout. " Immunizatidn with sheep red blood

cells. was carried out as follows. Sheep red blood celi‘s in Alsever's

’
- L

solution’(Instit“ut Armand-frappier) were washed three times With'
~ phosphate-buffered saline pH 7.2. The washed packed cells were made

. o . 4
up to a 20 per cent solution in phosphate-buffered saline, and 0.5 ml

iy
’
K

,0f this was injected intraperitoneally into trout at weekly intervals. :

i

. . - . ‘ ) -~ .
2.5 Testing for induced antibody in immunized trout S . »

.2.5.1 Antibody to human_gamma- globulin
! ! . ’ '
. In the passive hemaggiutination technique, red blood cells are

coated with a protein antigen and then ‘reacted with dilutions of test

v
!



N -

.

gserum. If the test serum contains antibodies.directed against the
]

- antigeri which coats the red bloocl cells, the antibody will react with‘
its antdigen, bringing about visible clumping of the cells.

‘ ‘ Formalinized, tanned human group 0 red blood cells were coated.
"with human gamma globulin, Cohn.Il’.ofraction (Pentelx) and used in

¢ I3

passive hemagglutination tests for determination of anti-human gamma

globulin activity in serum samples from fish which had been immunized . -

. 4 90
with human gamma globulin. The procedure was as follows : £reshly—

Py

drawn heparinized human group 0 red blood cells were washed five times
"with physiological saline and packed after the final wash, A volume

of 50 ml of formalin pH 6.0 was introduced into a dialysis sac, .
P L ] *
submerged into 200 ml of a 12.5 per cent suspension of washed, packed

cells in phosphate-buffered saline; and gently agitated for approxi-

mately three hours at room temperature. The. dialysis sac was then

_p"unc‘}:ur'ed to allow the formalin to escape and miking was cont1nued

El

overnight .  'The suspenslon of formalinized 'red cells was filtered
through muslin and washed f,ive times with physiolbgical galine. A
"volume of 0.6 ml of packed formalinized cells was suspended in 10 ml
of phosphate—buffered saline; lO ml of tannic acid solution (O.l wg
pér nl) were added to the cgntents, m:,txed" well, and incubated fifteen

'minute's \ét 37°Cc. . The preparatio‘n was v‘aashed with phosphate—buffered
s’

saline and resuspended to 10 ml with phosphate—buffered saline. Tén

’ milliliters of human gamma globulin (2 mg per ml) in phosphate—bufferedl

-

saline were.added to the formalinized tanned cells, and the suspension

was mixed and incubated thirty minutes, at 37°C. ' The _éélls were washed

.

three times with stabilized phosphate-buffered saline (containing one

per cent heat-inactivated and test—-red-blood-cell-absorbed normal

4

@ * -

v




b ./
rabbit serum) apd’lreeuspended to 50 mk with stabiliged phosphate~
‘, buffered saline to give a one per cent sn’xspension."
| ‘Testing £for antil;ody was done in Takatsy microtiter plates with

a V—éhaped bo ttom (Cooke Laboratory Products). Sera to be tested were
first heat—‘ixiactivated agxd ai:sorbed with the test cells. One drop of
a one per cent suspension cf formalinized, tanned, and coaced cells
wvas added to che drop of a series of* dilutions of test sera . The ?
plates were incubated at 4°¢ overnight and checked for agglutination
the following day. Controls consisted of the fpllowingi‘ formalindized

tanned uncoated cells (negative), saline (negatiwve), and commercially-

obtaimed anti—human IgG (Hyland) antiserum (positive). 4

.2.5. 2. A;itibody to sheep red blood cells .
. 2.5.2.1 Direct hemagglutinat\:ion

A direct hemagglutination aseay was used for detection of high
molecular weight antibody to sheep red bloq@ cells. When -sheep red

blood cells aresreacted with a sample which contains a multimeric
] °

antibody directed against sheep red blood cells, antigen—antibod,
interaction will be indicated by a visible clumping of the red blood

”Cells (Figure 4), , r

The proce’dure was carried out as follows. Sheep red blood cells

in Alsever's solution CInsp:itut—Arma'nd—Frappier) - were was'hed.at least B\

. . i ‘ oL,
three times with physjological sal)ine, until the supernatant became |,

- ’

N N . % . . N
clear. The test was carried out in 10 x 75 mm test tubes as follows:

two drops of a two per cent solution of shéep/rad blood cells were

'\
added to two drops df serially dilu':ed test samples.: After approxi-

mately 15 minutes at room temperature, and again after overnight

v ' - f
-
~
N -
, ]
f . . .
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Figure 4. Diagrammatic representation of the direct antiglobulin test . . : o
o’

[S

. - N .
for the detection of "complete' multimeric antibody. . \ e
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. . oo - .
(14-18 hours) incubation at AOC, the tubes were centrifuged.for,lS—BO

seconds in a Sero-Fuge (Clay Adams) centrifuge'and the sedimgnted red
3

cells were checked for agglutination. Saline was used as a negative

control and Qlcommerciéliy-obtained rabbit anti-sheep hemolysin (Difco) s

. . ,
was used as a positive control. The titers were generally one

\ dilution higher after overnight inqubation at 40C, and thes;-are the

1
.« ot

2.5.2.2 IndireWt hemagglutination.

Monomeric antibodies are far less efficient agglut%nators than

&

multimeric antibodies, ‘and give weak or negative results when used 1in

. 91,92,
test systems which depend on agglutination, The 1indirect anti-

» 93
globulin test was developed in 1945 by Coombs et al for detection of

these so-called "incomplete'" antibodies, and a modification of this

LS

. ' i o
technique was used to test for the presence of trout 7S antibody. 1If

e <

.sheep red blogd cells are reactedwwith a trout serum containing

antibodies against the'sheep red blood cells, "complete";or multimeric
antibodies will cause clumping of the cells after this first step '
(Figure 4), while "incomplete' monomeric antibody, if present, will

recognize and coat the cells But will not be able to bring about
\

agglutination of the red cells (Figure 5). ‘If a rabbit anti—%;gut

immunoglobulin igiadded to cells which are coated with trout 7S’J
AN

N . . ~ M !
. immunoglobulin, intercellular bridges will be formed by the anti-

™

\

limmunoglobulin, linking the red cells together to bring about visible

cagglutination (Figure 5).

The following -modification of the Coombs indirect antiglobulin -

test was used for detection of trout 7S antibody to sheep red blood
il % '
w]

—r
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. cells. ' Serum sampies were taken from trout which had been immunized -

with sheep red blood ceélls and separated on Sephacryl S-300 (Section
2.6.3). Eractions from each peak were reacted with a 2 perﬁ;eﬁt sus-

¢

pensibn of sheep fed'blood cells as for the direct hemagglutination

techniéue (Section 2.5.2.1). After a one-hour incubation at room
- ]
temperature, the tubes were checked for antibody activity, then washed
] .
three times with normal saline. Two drops of heat-inactivated rabbit

* anti-whole-trout-serum or rabbit anti-trout-immunoglobulin were added

to the washed cells in each tube. After 30 minutes the tubes wqge

centrifuged and checked for'aggiutination.
I h ’V ¥

\ "/ . .
2.6 Purification of trout immunoglobulin
There was not eé%ugh antibody-éontaining trout serum available
i 7

to carry out immunoglobulin purification procedures with this serum

v

[ it oo - .
- ~alone, and mixtures of immune trout serum and normal trout serum were

~

‘used for antibody isolation. At all times, enough ant&body—contéinimg

w0 ,
serum was present to allow identification of antibody-contalning

fracti&ns fgllowing each procé%ure. Rainbow trout serum was first
precipitated in 40 per cent ammonium sulfdte (Section 2.6.1). The
reﬁissoived anﬂ*dialyzed pigcipftate was then subjecféd to recycling
.G—ZOO (earlier experiments, Section 2.6.2) or éephacryl S$-300 (later
experiments,‘ééction 2.6.3) chromatcgraphy. Antibody;containgng

¢ -
fractions from these molecular sieve procedures were pooled, concen-
., B n

¢ trated, dialyzed and separated'accoréing to cﬁarge, either by DEAE
anion-exchange chromatography (Section 2.6.4) or preparative zone

electrophqresis in agar gel (Section 2.6.5): The final antibody-

—containing fractions were concentrated (Section 2.13) and checked .

a

1 A}
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for phrityxby‘immunoelectrophogesis (Seétion 2.8.2) agaipst rabbit

N

K
a hd

anti-whole—trout—?erum.

y

: ¢
~2.6.1 Aﬁmonium sulfaté precipitation ‘ .
‘Precipitation of\ﬁroteins in'amméniu& sulfate ig a commonly-used
initial step in the purifiéation,of pJ;teins.gk To determine a
syiéable ammonium sulfate concentration fér précipitation of trout
immunoglobulin, aliquots of ﬁooled normal trout serum w%re precipitated ;
in varying concerntrations. of ammonuium sulfate, ranging from 25 to 55
per cent. The effectiveness of each concentration in isolating the
4
excluded peak from G-200, which was previously shown to contain
éﬁtibody, wés‘determinéd by subjéctiqg each of the redissolved precipiJ
t;tes to G-200 column‘chgomatography (Section. 2.6.2). The optimum
égmonium sulfate saturatioﬁ fo; precipitation of trout immunoglobulin
“was determined to be AO‘to 45 per cent. Subsequent ammonium sulfate
precipitJLion.was done as follows. Serum was precipitated in 40 per
cégt ammonium sulfate at pH 7.0, allowing the resulting turbid
solution to settlé Qgﬁrnigﬁt’;t room temperature, then centrifuging
fifteen minutes at 12,590 g'to pack the precipitaté. 'The.supegnataﬁt
was discarded, and the precipitate was washea twice with 40 per cent

¢

ammonium’' sulfate solution at pH 7.0. The washed precipitate-was

dissolved in distilled water and dialyzed égainst phosphate-buffered

salineypH.7.4, with several changeés of the dialyzing solution.

A

2.6.2 Sephadex G-200 gel filtration ~ '

¥
[¢]

Sephadex G-200 is a molecular sieve gel, -and sepérates molecules
according to size, such that the largest molecules are eluted first, .

and tje smallest last. Sephadex G-200 fractionates proteins over a
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range 5f 5,000 £o 600,000 ‘molecular weight. ,13£o£e1ns '1g£ge§ than,
600,000 déltqqs elute in the‘void or ;xcludgd volunme, whicﬁ is deter-
mined by eluting a'solution qf blue dextran.(averazz molecular weight
2 x IOF daltoné)'through the columm aﬁd measuring thg vo1ume of

elution of the blue solutionm.

a4

-

‘The colpmﬁs were prepared as follows: 2.5 x 100 ch columns
(Pharmacia)'Qere packed with Sephadex G-200 (Phafmacia) in phosphate-
buffered saline pH 7.4, and void ;olumes were détérminéd with blue
dextran 2000 (Pharmacia). Samples.to be chromatographed were dialyzed

) against phoéphate—buffered'saline at 4°¢c aﬁd applied to the column.

. Originally, columns were kept at 4OC, but wﬁen it was found that
chrom?tography‘atvroom température‘did not alter angibody acxivity,
additional columns were set Qp anh used at ;;om temperaturé. Dialysgd
sampleé_were applied to the columns, which were equipped, with flow
édabtors, and eluted gging upwgrd flow. Flow raﬁ?s weré‘iljlslml
per hour. ,Fractioms of 3-4 ml &eye collected in a Brinkmann Linear . o
II fraction collector;»fract;ons were téested for antibody activity
(SecEion,Z.S.Za&) and the positive tubes were pooled and concentrated

. { v
//(/To: further work.

2.6.3 Sephacryl'S-3QD‘gel filtration

‘l "'Sephngyl sﬁé%o (Pharmacia) 1s a relatively new separation gel,
S Te, ’ "

s

) : 95 :
and has several advantages over G-200. . It fractionates proteins
o 6 T , '
over a range of 1 x 100 to 1.5 x 40 daltons, and can be run at a

faster flow rate than C—ZOd. It was found that S-300 does not pack

further after initial packing, so that the gel bed volume remains




)
P

)

<

’
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constant. The eurface of the gel is not as easily disturbed as that

from G-200, allowing more even sample application.\ S- 300 was used

instead of G-200 in later experiments. - ' .

A2.5x 100 cm column (Pharmacia) was‘packed with Sephacryl S-300

1

(Pharmacia) which had previously been egquilibrated with .02M phosphate-

buffered saline pH 7.4. Samples were eluted with downward flow, at

20-30 ml “per hour. Fractiong were collected, analyzed and stored as

bl

for G-200 gel fractionation (Section 2.6:2).

!

2.6.4 DEAE anion exchange chromatography

Ion exchange chromatography is used to separate molecules
' ‘96 ’ - ‘
according to charge . DE-52 cellulose (Whatman) has positively-

N s
i
N +

charged’ groups bound.to the matrix and exchanges negatively-charged
iohs (anions). After‘a,sample has been allowed to adsorb onto the
matrik, and unadsorbed‘moleculestare washed out, an elution huffer of
gradually increasing ionic strength is passed through the column,
causing competition between bu?fer and eample ions ror,binding sites.
Thefe'is'a éradual decrease in the strength of binding of each ion,
such thar the least'negariVel;Lcharged ione elute first. ,‘.
‘—‘ A 0.9 x30 cm column (Pharmacia) was packed with DE-52 cellulose
(Whatman) which had previously ‘been equilibrated with 0. OlSM Tris-HCL

pH 8.0. . Samples to be chromatographed were dialyzed against starting
, R . . [ N I3 .

’ buffer.(OLOlﬁM Tris-HCl'pHS.O). DEAE-cellulose chromatography was

pperformed at room temperature, and elution-was accomplished with a f

linear NaCl gradient prepared in a Pharmacia Gradient Mixer, Model GM,

from 0.015M Tris~HC}: pH 8.0 to.0.015M Tris—HCl "0.4M NaCl pH 8.0, at a_

. . LY
- , Y i

flow rate of 20425 ml per hour. Conductivity of column eluants was
’ '; ~ A} 7 )

(

‘@
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measured in a conductivity bridge (Yellow Springs Instrument Co.
Model 31), and optical densities were measured at 280 mm in a épectro—

photometer (Bausch & Lomb Spectronic:70).‘ ! //

/

2.6.5 Preparative zone electrophofesis on agar gel

| . One hundred and t;enty milliliters of one per ;egt Ionagar

?Colab Laboratories) solution in b;fbifal buffer pH 8.6 (ionic .
TN .

sﬁfength “075) was poured onto a glass tray (11 x 24.5 x 5 cm), and

ai%owed to harden. A trough was made by cutting out a ve;;ical‘

1 ©on-wide strip from tHe short axis of fhe gel, about 9 cm from the

cathode end of the plate. ﬁamples to be electrophoresed were dialyzed

against barbital buffér overnight at 4°C. Afpréximately 2 ml of

dialyzed sample was miied with an equal volume of melted 2 per cent

gel &n Barbital buffer and applied té the tfou;h. ‘The el7ctrophoretic

run was carried out in a water-cocled Bromma Multiphor electrophoresis

)

chamber (LKB), using barbitai,buffer pH 8.6 (ion;c strengfh .075).

\
The plate was run ac\gg:loo V , 25-35 mA, applied, through Exaphor

_(Orion Diagnostics) electrophoretic wicks, until migration, as seen by

thé distance traveled by alﬁérker dye (bfomophenol blue) was judéed to
be -sufficient (18-20 hours).‘ Folloﬁing ;lectrophoresis, the gel was
divided into strips of appr;xim;tely 7 mm width which'wereﬂcut‘out
perpendicular to the direction of the rum,.and ﬁlaé%d into individual

G b
tubes. Elution of thHe strips was accomplished by freezing and thawing -

. ‘ . - -
twice, which caused most of the liquid to be released from the gel. ’

The supernatants from antibody—containiné fractiona‘wére pooled and
8 . . - - )
concentrated .(Section 2&13%§§or:fdrther work. v .. ' T T T
A . . ; o o

. " b ‘

 t




'cf immune trout sérum were run through the column, thqlaverage KaV

- calibration curve. . ' R ' -
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2.7 Eétimation.qf the molecular‘weigﬁt ;fvt:out immunoglobulin
o o
.fhe molecular weigﬁt of trout immunogiobulin was estimafed by
§5360 column chromatography. Elution conditions were as degcr?bed“
in Secéion 2.6.3. Stapdard pro;gins used in calibrating the column
were thyroglobulin (mglecglar weig%t 630,000) , bovine gerum albumin
(molecular weiéﬂt 66,000),'ribbnuclease A (molecular weight:13,700),
human IgM (molecular weight 950,000), and human IgG (molecular ﬁeiéht
150,000).‘ A caligration curve was const%uc;eq from the distribution
coefficienti(KaV) vélueglanq the log-distributed molecular weights
of each of these prote#ns. Thé’ﬁév §élues were determined from the " ‘ ’

97()
formula:

V-V -
e 0.

[
7

av -’ veee o (1)
yt—Vo , ] . \ ‘ o . .
where VB 1s the void volume, Ve 13 the élution volume of the protein,

\

and Vt is the ‘total volume of the geh bed. A straight line was

fitted ' to the data by the method of least squares. Several samples.

{ . i i3

value of the pééks containing antibody was'dete;miﬁed, and the !

molecular weight of trout immunoglobulin was determined from the

\

v

/ N . i _ )
. ’ . . ‘ N e .
2.8 Analysis of protein fractionms
2:8.1 Ouchterlony .double diffugion

. Diffusion in gel is a techniqﬁe used for analysis of immuno~

. .98 ‘ .
precipitates. In Ouchterlony double diffusion, antibody and antigen

) :
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v

are placedin opposing wells and are ‘allowed to diffuse toward and

" react wiqh‘each other in an agar or agarose.,gel medium. The ‘complexes

resulting from each antigen-antibody ipteraction precipipete and
become immobilized in the ge} matrix, forming individual sharp ban&s

of visible brecipitate. One band is formed' for each'redction of

. aﬁtibody with its gpecific antigen.

'

i
t

Ouchterlony double diffusion plaees were set up ae follows.
Three milliliters of melted 0.9 per cent agarose (Miles Laboratories)
in 0.01M phoépﬁate—buffered~galine pH 7.4 we;e/poured onto'gyland
immunodiffusipn plates (apﬁreximatel} 73 x 23 x 2 mm) and allowed to

cool. A pattern of six wells 3 mm in diameter and equidistaﬁt (5 mm)

-

" from a<central‘3—mm well was punched out of the gel.‘ Wells were

filled with antigen and appropriate antiserum, and precipitin lines

were allowed to develop for 18-24 hours in a humidity chamber at room

™~

temperature. The gels were washed 10 hours with two changes of 2 per
cent NaCl and 1 hour in distilled waterl' They were then transferred
to*Gelbond £4lm (Marine Colloids), and allowed to dry. The dried

. [
silides were'iggined with 0.5 per cent amido black in water:methanol:

) g acial acetic acid 9 parts 9 parts:2 parts), destained with a. water:

<

methanol acetic acgd solution, and dried.

2.8.2 Immunoelectrophoresis

* " Immunoelectrophoresis combines the tedhnique‘qf gel electro-

2

phoresis (section 2.6.5F with that of double diffusion (section 2.8.12,\

.

B and allows identification of antigenic cohstituents by their eleetro-

. phz&gtic mobility. The constit%ents of a heterogeneous protein sample

N

first separated according to charge and size by unidirectional °

s B . i -

—




o least 10 hours in two changes d§ 2 per cent NaCl.and 1 hour in

ol S

o

electrqphoresié in-an agar ‘'or agarose gel medium. Following electro-

v

phoresis, longitndinal troughsfere cut into the gel and filled with a .

corresponding antiserum, which diffuses into the medium‘at righf angles ’

g ) § .
to the direction of electrophoresis.. The reactign of the antiserum

" with one or more of the separated. proteins resul s in formation of

visible arcs of precipltated antigen- antibody complexes The number
of precipitation arcs indicates the number of 1mmuno—reactive constl-
tuents in the test serum. C ' ‘ . . x
TImmunoelectrophotesis was done&:cording to the microjﬁlethod
developed by Scheidegger,99 using a.Gelman Micro—Immunoelectrophoresis

system. . Molten '1.25 per cent Difco Certified agar gel (ionic strength

0.025) in ‘pH 8.6 barbital buffer was layered onto 75 x 25 mm glass

-microécope slides,‘and allowed to solidify. Sample wells were f

0 \

<«

punched. into the gel, and sample was applied and electrophoresed for
2 hours in cold barbital buffer pH 8. 6 (ionic strength 0.05). A
urrent of 5 mA per fmame of six slides was .applied thrOugh filter
paﬁer strips ‘ Following the electrophoretlc run. horizontaletroughs
were cut from the gel. parallel to the direction of the electrdphoretic

field and filled with the appropriate antiserum Slides were incubated

for 16 to 20 hours in a humid chamber at room temperature to allow

- 'development of lines of»prec1p1tetion. The slides were washed for at

7

distilled water,_and dried.‘ The dried slides were-stained as described _

in Section 2.8.1 for' Ouchterlony double diffusion gels ‘ o

| -
' '

%
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. 2.9.2 Immunization with purified” trout immunoglobulin |

»

-*2,9 Immunization of rabbits .

«
.

2.9.1 Tmmunization with whole trout serum

Rabbit antiserum against whole .trout serum was pr ared as follows:
\ A/

a pool of normal .trout serum was filter-sterilizedand diluted with

)

sterile normal saline to give a protein concentration lof Zlmg per ml.

1

Equal volumes of diluted normal trout serum and complegte Freund's,

0

o .
adjuvant (Calbiochem) were emulsifiéd in a Sorvall Ompi-Mixer. A
volume .0 this emulsion cbntaiping 1 mg of protein wag injected

siibcutaneously into each of three rabbits. Booslgr injectio\s of 1 mg.

protein in saline were given subcutaneously over a perlod of one year.
Rabbits were bled (Section 2.10) 7 days after eacﬁ boost; and the serum

. was tested ‘for reactivity against™whole trout serum by|immunoelectro-

phoresis (Section 2.8.2). .‘

ot

-~

Rabbit antiserﬁm against purified trout immunoglobu\i# was

prepared as follows. An emulsion of-équal,volumes of pﬁ%}fied protein

\

. } . o ‘
and complete Freund's adjuvant (Calbiochem) was prepared.\ A volume
~ ! ‘

. , . |
of emulsion containing 0.1 mg of protein was injected irto several’
sites by the intradermal route into each of three rabbits.| Where
‘sufficient antigen remained, rabbits were boosted 4 weeks following

initial immunization’as follows. A volume of emulsion of equal amounts
.' . /’ ,

.of complete Freund's'adjuvang/and antigen containing 0.1 mg pf protein

i

was injected subcﬁtaneously into each rabbit. Rabhits were bled

(Sectien 2.10)\weekly-belowing immunizatibn, and sera wer tested for

! /

P

réactivity against whole trout serum by Ouchterlony double diffusion

-

Y

(Section 2.8.1) B} .,

*

v

N
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.héntiéeh in situ. .+, When fluoréscein—t;gged antiserum is geacted

-

~
A butterfly infusion set equipped.with a 19-gauge needle (Abbott

2.10 Collection of serum from.iﬁmﬁnized rabb;;s

Laboratories) was used to draw blood from the central ear aftery of

a

" each ré%bif. Blooq was allowed‘to clot for two hougs at 37°C and

overnight at 4°C. Serum was separated from the'clotuby centrifugation

and, if not used immediately, stored at. -20°C. ”

o

2.11 - Immunofluorescence microscopy of trout mucus and skin

N

Tﬁe technique of using fluorescein-labeled antibodies in fluores-'

cence. microscopy was developed for fhe purpose of_loéalizing specific
' 100,101 ' : '

¢ s

. with its antigen in tissue, the subsequently-formed antigen—antﬁbo&y

complexes are seen as bright green’ fluorescence under a microscope

&hich is eduipped with an ultraviolet light source.

In the présent-study, an indirect technique was used; ‘trout

tissye was reacted with an unlabeled rabbit antiserum against trout

ey

immunoglobulin. Since the rabbit antibodies_were'ﬁ%t labeled,

antigen-antibody complexes could not be detected by fluorescence

LI A .

microscopy. ﬁaﬁihorescein—thgged goat antiserum against the rabbit
antibodies was reacted with the caﬁple&es; these labeled antibodies
bound to the rabbit antibodies which wére‘aiready bound to the trout

{mmunoglobulin, allowiné 1ocalizi?ioh of trout dmmunoglobulin in' the

‘tissues. -
'. N h" X
Préliminary\tests were .carried out in which normal rabbit serum
was substitufed for rabbit anti-trout-immuncglobulin serym. It was

-~

fouﬁd that normal rabbit sérﬁm cross-rsactgd with trout“Lkin componénts,

causing a falr amount of non-specific fluorescence. Thé non-specific



’ « J A
. . - .
4 - |
~
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’ N

fluofeécence was reduced Ly a 1l0-minute pre:§reatment of the skiﬁ';

gsections in O.iM—glycine-HCi pH -2.3,,and by ébsorptiqn of \rabbit serum

i . )N and antiseruﬁ‘with'pieqes of fresh frog skin.+ The absorptious were

~eo

" done as follows:

o
.

frog skin was cut into small pieces and mixed into
the rabbit sera ina 1 to 1 ratid (vol:vol). Aftenzﬁ one-hour incuba-

tion at room temperature, the skin sections were removed from the.sera

©

AY - N
By centrifugation. e \ S

Slides to be used in immunofluorescence studie3 were processed
| \

as follows. Slides were immersed in phosphate-buffered saline pH 7.4,
’ f‘ \ ‘ °
and care was taken to prevent the fiésue from drying throughout the
3 o

.

followl:g steﬁs.« One drop of absz&ﬁed rabbit antiserum to trout immuno-
v [N

globulin was placed on each tissue section or sﬁear and allowed to

react for 30 minutes in a humid cbamber. At the end of the incq?ation

a

period, slides were washed for 3?ﬂminutes in tﬁree changes of phosphate-

buffered saline. One drop of a in 5 dilution of a commercial

/ -
fluorescein isothiocyanate-tagge agoét antiserum to rabbit immuno-

globulin kCappel Laboratories) was applied to each sample and incubated
. ’ o
in a moist chamber for 30 minu;fs, follo&ing which the slides were again
Lwashgd in three‘changeS‘éf phosphate~buffered saline. Slides were
mounted in,a glycerol:phospﬁate—bufferéd saline medium (9 parts
glycerol to 1 part phosph§te—b ffere&‘saline): coversliéped, and exa-
nined for flu&rescence in a Zefss fluorescent microscope, equipped with
a BG 12 exciter, Fij;O beam splitter, barrier 50, and Bé(red-atggnu—
o 3 _ '
ation‘filteré. The light-sdu ce was a mercury vapour lamp (HBO-50W,
Osram, Gérm;ﬂy). » Phptomicrographs were .taken with a Zeiss Photo-
microscope TIT camer:'a' whichf

s equipped with an automatic exposure :

“timing device. ‘Kodak Tri-X pan £1ilm (ASA 400) was used.

. RY
4
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B, " 2.12 Protein measurements * - ' . o o
*?‘ e, . . Quantitative protein measurements were done according to the
. \ 102 ;o . \ .
o : nethod of 'Lowry et al. Commercial bovine gamma .globulin (Protein -

Lo . : j &« .
v . ’ ! Standard I, Bio-Rad Laboratories) was used ag a sta‘dard.
N ‘n‘ . ! ) : ’ S, I a
. . n PN ’) , \ v ) - - \

2.13 Concentration.of sami:}es e

-7 i ! + v
! ‘ - # Samples were céhc;entrated by positive pressure in 4n Amicon

« ¢, concentrator, using Diaflo XM-50 or Y¥-100 ultrafiltration membranes
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3® Results -. - - . ’ .

’

3.1 Antibody.production in rainbow trout

3.1.1  Antibody response following immunization with human gamma
. globulin

Rainbﬁw trout kept at 9OC f\ailed"to‘produce detectable serum
" antibodies to intramuscularly-injected human gamma globulin for up to

thirty-one weeks after the first in;'iection. ‘The passive hemagglutina-

tion test (Section 2.%4.1) used for detection of these antibodies was

o
\

jﬁdged to be adequate, as controls of saline and uncoated cells were s

1 ‘ v

.‘negative, while commercial anti-human &amma glob?ulin consistentiy
gave positive results at a ’l/\512' dilu.,tion. Qucht‘erlony double diffu-
sion assays (Secti‘dn 2‘.8.1) were set up to test for precipitat:mg |

‘Z\}mtibodiels to human gamma globulin, but:’these' tests wer.e also
négativé. The ambien): water temperature was, increaseél from 90C_t0'
,)~’l4OC,"but the trout rémained unresponsive. The *fa‘ilure to produce

due to immune incompetence

antibodies to ‘human gamma globulin.was not.
: . X .

in these fish, as they were able to produce.specific hemagglutinating
"antibodies in response to intraperitoneal immunization with sheep red
blood cells. These results éugglested that, under the conditions

described in Section 2.4.1,injections of, human gamma globulin’induced
. ' : ¢ /

a state of tolerance or speciff{c immune unresponsiveness in. these
trout, - )
. 3.1.2 -"Natural antibodies" in rainbow trout
i) ) f +

. . *
I . 3.1.2.1 Natural hemagglutinins } o

! . vt

Nat’urally—occurriﬁg égglutinating antibodies againsf: a variety of

s '

vertegbrate ‘red blood cells and bacteria have been degcribed in repre-

IR .22, 23,25,29, 3438, 42, 60,69,108-111
. . | :

sentatives from all classes of. fish. |
« . - N

! -
{ . ~

~

« b/‘
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Natural hemagglutinating antibodies-againgt sheep ‘red blood cells were:

not detected in nonv-imnunhiized rainbow trout in the present study.’

t

y 3.1, 2 2 Natural hemolysins
"Low titers (up to 8) of. naturai hemolysin for sheep red blood
;cells were foundr in both imnunized and non-immund,zed groups of trout..
Natural hemolyti:e atti’vitp.‘was'de'stroyed_ by' hea‘t—‘inactivation for
' 30 minutes: at 56'°C, and did not i‘ncreas'e appreeiabily followiné‘ixndu;

nization of the trout with .sheep red blood cells.

Al [}
B - \ -

3.1.3. Induced antibodies to ﬂshe‘ep red blood cells

) Tbe‘ma‘jortty—of ‘rainbow trout given weekly intreperitoneal' .

injectiomns of\\ sheep red blood cells produced detéctable agglutinating.-

"antibodies aéai‘net ‘sheep red blood cells within.two months after the ‘

>

‘first injection. Tbere' was coﬁsiderable individual variation among’

trout which responded to antigenic stimulation (Table 1). Production’
g
of antibodies to sheep red blood ¢ells was, transient in some fish o

and long—lasting in others. Some fish responded with prOduction of
high titers (as high as 4096) of antibody, others produced antibody

in low dmounts. .

r

, . Lo .
-+ 3.2 Effect of temperature on antibody  production

3

Rainbow tr ut produced serum antibodies against sheep-red blood '

cells at both §°C and 15°C, but the latent period prior to the

v

appearance o detectable antibody was significantly shorter (Student s |

t~test, P=<0 02) at 15° 'C than at 9%. Antibodies ‘were - detected as

i early as’' the fourth week in serum samples taken from the 15 C group
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. i
of fish; \no serum ‘aAntibodies were found before the seventh week in'
fish képt at 9OC (Tables 2,3). Tremendous individual wvariation in
response was again evident in both groups. Th‘e‘d;eaths noted in Tables
2 and 3 occurred because of diffic&lxlties encountered in stopping the
£low of blood after venipuncture.
, \

3.3 Purification of trout immunoglobulin ,
3.3.1 Ammonium sulfate precipitatipon Y
Aliquots of pooled normal trout seruym were subjected ‘to precipi-
tation by different concentrations of ammonium sulfate as des‘cribe:d
in Section 2.6.1. Precipitates formed in 25 and\ 35 ﬁer cent ammpnium
sulfate cquid not be completely redissolved and gave a poor yleld
of protein; very little protein was brought down by 35 per cent
- ammonium sulfate asf'well. Howevg,( the 40 to 50 per cent ammonuium
lﬁsulfate-precipitated sera did yield a fair amouﬁt of protein; G-200
column chr'omatograph‘y of these redissolved precipitates produced a
'good amount of first peak components with a minimum of second and
third peak components. Based on these observations, 40 pér cent
" ammonium sulfate was selected as a suitable conceritrat‘ion for pre-‘
cipitation of trout imun(;globulin. " When trout serum containing .
antibody to sheep red blood cells wa'ls precipitated ir; 4Q per cent
,é.mmonium sulfate, and the‘ precipitat;e redissolved and subjected to
‘-‘G-ZOO gel filtration, it was‘found tr‘xat hemagglutinating activity
was not 'alter'ecl’ by this treatment, and remained co‘nfined to the ex-

cluded peak (Figure 6).
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! ‘ Figure 6. Sephadex\"(_‘:‘-:zoo cdlumn‘chrométograi)hy' of Z;OZ'_"ammonium; R " o
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"3.3.\2~ : Sethad’ex‘ G~200 ‘gel filtration

" When sé’,mples’of normé.L and immune ‘trout serum were chromatographed

' \

on Sephadex G-200 (Se;tion 2.6.2), an elution profile of three peaks

‘ 2 was geen (Figure 7). Hemagglu‘tinating activity, when present, was
B PV - “ o

1

S , ‘
~ always confined to the first peak, which coi'respondedv to the void

\

volume of the column.: These results indicated that ttout immuno-—-

' 'éIobulin'is"a macromolecule with a molecular wéight‘ greater than
.~ ' 600,000'daltons. Lo .

1

. . . : ‘ . 3

3.3.3 Sephacryl $-300 gel Filtration .

Tmmune trout serum gave an elutiom profile of four main peaks .

:(Figure §) when siﬁbj ected to chromatography on"Sephacryl' S-300
+. (Sectian 2.6.3)., Antdibody 'activity was restricted to the gecond 'peak,,
L s : " .
indicating that trout immunoglobulin is smaller thap ‘human pentameric

IgM and larger than human monomeric IgG.

s .
L

3.3.4, DEAE anion-exchange chromatography

Trout immunoglobulin eluted between 9 and 14 mMHOs conductance
. X , -

L V'I(Figuré'g)/ when chromatographed on DE-52 cellulose J(Sectiqn&v2.6.4) ..

No antibody activity was eluted before the salt graddent was applied.

3.3.5 Preparati?® zone electrophoresis on agar gél
Trout inmiunoglobuiin nigrated in a single band when electmo-
phoresed in an agar gel medium as described in Section 2.6.5. The.

immunoglobulin found on the cathodic side of the application trough

A}
Lo :

- accounted for approximately 85 per cent of the hemaggiutihating

o /
activity' (Figure 10).

o
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Figure 7. Sephédex G-200 column chromatography of immune tr‘oﬁt's'erum.

. - o
Antibody activity is confined to the first peak. Hemagglutinatipn ’

titer is 'expressed as the reciprocal of the highest'dilution which

agglutinates lshee_’p red blood cells. The arrow, *, indicates the wvoid

volume, determined- by previously passing a solution of blue dextran ' "

through the column.: A volume of 3.8 ml of immune trout serum vas °
T . ' i .

applied o a 2.5 x 100 cm column at 4°C.
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Figure 10. Agar gel electrophoresis of inmuse trout serum at pH 8.6.
. v \ . B ) ] . Il/ " ]
Most of the hemagglutinating activity was contained in the cathodic

fraégions. Each fraction represents the undiluted eluate from a

©7.25 m section of the gel bed. '"O0" marks the application troiﬁh; 
:" negative fractions are those which:have migfated cathodally and = .

.
’

.. positife fractions have migrated'anddally from the'applicationr,‘

trough. The arrq&, ‘ , represents the anodic front of the tfackingk
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3.4 Characterization of trout {mmunoglobulin - -
'3.4.1 Attempts to identify 7S 1mmunoglobhlin in trout
Direct hemagglutiéation tests cafried out dhring pufification

procedures: showed that antibody activity was confiﬁed to high molecular
ﬁéight material only (Sections‘3.3.l43.3:3). The possibility remained,

e héwever, that the direct hemagglutination technique used could not
detect low moletular weight monomeric antibody. An inditect hemagglu~-

't;nation technique, developed specifically for detection of monmomeric’

’

‘antibqdy, was set up as described in Materials and Methods (Sgction 2.5.2.2).

“

_Sefa from ﬁrogt'which~had been ;mmuﬁized with sheep red blood cells were
chromatographed on Sepﬁacryl's~300 (Section.2.6.35, and individual |

, ffactioﬁs were tested for antibody activity, using both the direct and
indirect antiglobulin tests? AntiBOQY'aétivity was conéined té hiéh o'
molecular Weigﬁt fractions only; none was foqnd in any other fractich,

.\including those fractions where a moﬁomefic 7Siimmunoglobulin would bé

. expected ég elute.: Tﬂeée results suggested  that tfout have only high , .

molecular weight, multiméric,’ antibody. .

3.4.2 Determination of molecular weight of trout immunoglobulin . 3

As mentioned preﬁiously,\trout‘;mmunoglobulin appears to be a high'
. molecular weigﬁtrmultimeric’moleculef(Section 3.4.1), larger than

4 '

~ human IgG and Qmaller than human IgM (Section 3.3.3). To obtain a more

précise estimation of the molecular weight, a Sephacryl §-300 column

was calibrated asith several proteins, as described in Section 2.7. The

P

K.v values were determined for each of the standard proteins (Table 4)

- and a se;ecHiQity curve was constructed from the Kav values gndlthe log

- '
'

of the mqleculaf weights (Figure 11). The average Kav value for

.

" . N .
- ! . .
-’ . . - . -
% * , il 7’ - N ‘
N ., T, . L , - . )
. . . , . NN .
, / 14 . R T . . ' . . - v
v , A . . . . - . . . ’
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‘Figure 11. . Sgleétivity curve of a Sephacryl 5-300 column calibrated:

N

with five protein standards (Table 4). The V, value for trout

é

immunoglobulin was found to be 195 ml: 'The\Kav value (.099) is -
-y - N . . . . ! .
indicated by the "arrow, ~—p». The molecular weight of trout immu-
.noglobulin was estimated to be appfoximately 760,000 daltomns.
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trout immunoglobulin was determined toAbé‘.099, and, when plofted on

i
|

the ‘selectivity curve, gave a-molecular weight estimate of'approxi—.-"

mately‘560,000 dalﬁons ‘for trout immunoglobuiin.’

4

3.4.3. Purified trout immunoglobulins: two populations wiﬁh diffefen;

' électrophoretic»mobilities .

" Trout immunoglobulin was isolated as described in Materials and
o ) Methods (Section Z.Q). Isolated\immunoglobulin fractions were analyzed

for purity by immunoelectrophoresis‘(Secﬁion 2.8.2) against rabbit

»—*~—-¥4~——ﬁ4%m—'~fj*—anti-whole-trout—serum. de'pogulations of proteins with antibody

activity were isolated. One protein had hemégglutinating activity and

i

| migrated a;.a.single cathodic arc in immunpoelectrophoresis (Figure 12).¢ -

\‘*\ : The Qpher«had very yeak hémagglutinating propertiés and migrated as a
single anédic arc ié immunocelectrophoresis (Figure 13).

, . ’In earligr.ﬁurifiéation‘procedures, éntibpdy—contai;ing‘fractions
: . < g wera stéréd‘at —ZOOC between each step;agar gel electrophotésivaaé
u;ed as the final purifibaﬁion step. In‘later éxperimenﬁs, antibody-
cbntainiﬁg fractions were subjected to interim storage at 49C, and DEAE
anion-exchange éhromatégraphy was substituted foF gel electrophofesis
as the final &tep. Purific;tion techniques employing the —ZOOcjégaf— )
, 4 . . .
gel-electrophoresis procedure yielded only the cathodic immunoglobulin,
'yﬁereas botb anodic and cathodic imﬁunogloﬁulins were isolated in_ the

. ) ‘ . ' \ :
i " 4 C-DEAE procedure. S . ‘

g " . o Attempts were made to determine whether the differences in

v

. ‘ ' storage conditions could have been responsible for the differences

, . - . <“ . . .
© 7 seen in the fipal immunoglobulin preparations. Samples of anodic and

‘e
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Figure/lZ. 'Immunoelectropiloresis. of purified trout immu‘no'globulin‘

. with cathodic mobility. Sémples were added in this and in subse-

'quent ‘figures as indicated in the accompanying illustrations.

1

o whole trout serum ' :

__, rabbit anti-whole-trout-serum

P2

Opurified immunoglobulin fraction’

Figure 13. Immuncelectrophoresis of purified trout 'immunoglo,bulin

with anodic mobility.

.o i i : R Y.

o

0 whole trout serum #1

"o —2 rabbit anti-whole~trout-serum
) . T . ‘ ‘- oy
"o purified f;nnunoglobulin fraction
.= , - — = rabbit anti-whole-trout-serum
X . . i t . [
O whole trout serum #2 L -
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. Tabbit serum itself. The antisera raised against bbfh anodic and.

‘ ‘ ' - . >~ ) ~“' 53 -

cathodic immunoglobulina wdre kept at 4° C for a period of three months,[

foxlowing which they were subjected to repeat immunoelectrophoresis

~

1

The electrophoretic patterns had not undergone any change; neither the
ancdic nor the cathodic proteins showed.a shift in electrophoretic

~ mobility with time. These results suggested that the difféfences seen

in the electrophoretic behaviour of the final immunoglobulin preparations

were not the result of 4°c- storage-induced’ degradation of either compo-

. " nent, but presumably resultedqfrom the different techniqueé used in the

final stages of the purification procedures.

-

i
A-/ s
- o N , 7

3.5 Specificity of rabbit antisera raised égainét‘trout aﬁodic and
cathodic immunoglobulins ' ‘ '

3.5.1 Absorption stddies

A}

Rabbit antisera were raised against the purified anodic and ?

cathodic trout immunoglobulins as described in Section 2.9.2, and

w ©

absorption studies were carried out to determine whether or not the

. , N
rabbit anti-trout-immunoglobulin antisera were specific for trout

immundglobulin. A direct hemagglutination test was-set up as described:

4

4, .
in Materials and Methods (Section 2.5.2.1), except that dilutions of

I s

' immune trout serum were made in rabbit anti-trout-immunoglobulin .sera
or normal rahbit serum instead of saline. Hemagglutinating activity,
was removed by rabbit antisera against, both trout immunoglobulin

fractions (TablevS). Absorption with/normal rabbit serum had no effect

N on antibody activity, indicating that the loss of activity was due .
. < )
x' specifically -to interaction of trout immunoglobulin and anti-trouﬁ;

immunoglobulin rather than to some non-specific component found in the

't

i c \
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cathodic immunoglobulin fractions, then, appeared to be specific for

ztrout immunoglobulin. . ' o . .

. .

& r{& ’ c ' , ' o

3.5.2 Double diffusion and immunoelectrophoresis studiés

) Double diffusion experiments (Section 2.8.1) showed that both

.

' anti-anodic-troot—:lmmunoglobulin' and ~anti-ca’thodic—trout—immunoglobulin

antisera appeared to recognize similar components from whole trout -‘\

~:

. s\erum:, phe precipitin‘,line‘s formed By the re’action of each anptiserum

£

" with its- individual antigen fuse completely without spur form‘at;ion,

suggest%ng that both antisera precipitated the@ame serum protein

s

(Figure 14). Whole trout serum was then subjected to immunoelectro-

. phoresis (Section 2.8.2) against the twp rabbit anti-trout-immunoglobulin

. antisefa. ,Agein, both the anti-cathodic- and the ant1i-anodic-immuno—

3.6‘4 Studies on mucus from rainbow, trout

body to sheep red blood cells were detected in mucus samples.taken

a

globulin antisera recognized the same component from normal trout
. .

serum (Figure 15) ; the mobilit:y ,of the component recognized by the
> - §

antisera was mainly cathodic, but ‘also ext;;ended into the’'anodic side

"of the applicafion well. L . o - g3

Co - ) Lo
. - R . {

A
3.6.1 Induction of mucus antibodies to sheep,red blood cells
Mucus from don-immunized trout did ngggcontain natural hemolysins- .
. : , ! . L

or hemagglutinins against sheep red blood cells. Low amounts of anti-
: ¥ ' - R :

from fish which we’re immunized with sheep red blood cells; unconcen- <

trated mucus extracts did nth agglutinate sheep red blood cells at

dilutigns greater than 1/16. \Mucus aptibodies were not found unless’

séruin anégibodies were also p}f:gent; it was not pessible, however, to
. . . s . T, - [
¥ S A ﬁ Co

1 R

.o
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. Fusion of precipifin lines suggests that bo%anti‘sera 't

~ A .

. the sam serum component. Well #1 contains anti-anodic-

'

ecognize

[
s S

immunoglobulin;

yel‘l #2, an i-catﬁodicﬁmmﬂn&globulin;well #3, whole trout s’enulm.

; ) .
ecognize the 'same serum protein.:. The gel was

‘

© yet and u stained. - - ‘

o

- oo
L I . .

2
<

L Y

e © O normal trout serum .

[
S ?
e o .

5

; L
1} ‘ ' '
i S l \ ' : ' !
y ‘ \
’ ’;{} g T QU
S . . IE -
. (< -
/ 1 v N R
. : - . ) -
+ Figure 15.| Immunoelectrophotesis of normal trout serum, developed

photbgr;’aphed _

— — ————— rabbit ant%-aﬁodic—imﬁnunoglo’bu]_.in

' = — ; ,Tabbit antt:i-c'athodic'—in}munoglobuliﬁ

-
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by ' ~ o o . o . ,
. ch‘r‘elate levels of mucus antibodies with those from serum because;‘of,'
) ‘ . ‘ ~ 'Y \ , . N 3

.the ‘'variable dilution factors which were introduced into the mucus

A

"samples during their collection (Section 2.3.2). .

3.6.2 Relatioﬁ of mucus antibodies to serum antibodies

‘ DmmunoTleptrophoretic studies (Section 2.8.2) indicated that trout
. - ¢ N N . - . . s .

) . ! ° )
mucus and serym-have a number of components in common; rabbit anti- .
wholertrout-serum recognized several mucus-components.with anodic and

cathodic mobilities (Figure 16). 'Rabbit anti~trout-immynoglobulin was

-~ -

reacted against trout serum and mucus in double'diffusiongexpér;ments

(Section 2.8.1); the éﬁti—trout—immunogldbdliﬁ antiéer;m formed

~

recipitin lines against the immunoglobdlinLcomponents of both serum
' ‘ ' | / 5 .
and mucus (Figure 17). These specific lines of precipitation fused at

the edges, indicating that mucus and serum Qntibodies are ﬁntigeniéglly
similar. Fgrther 9vidence of the antigenit similarities between serum

and mucus antibodies was seenrby the abrogation gf specific hemaggluti—.
' nating activity of muchstéxtracts'following abso?ptidn of the extractg.c

* with rabbit anti-trout-immpnoglobulin antisera (Table 6).

L
Al

_ 7
3.7 Microscopic studies on trout mucus and skin

. .3.7.1 Mucus smears ‘ , ¢ ‘ !

'

-3.7.1.1 Wright's stain . ) : : '

A smear of mucus cells was stained with Wright's stain (Section 2.3.3)

-

, for identification of cell types in parallel with the immunofluorescent

studies. Among the cell types identified were the epithelial cells and
. , v 83 .
lymphocytes which have already been described by Ourth  in the skin
. . ° . o l}:‘&'ﬂﬂg“
- mucus of the channel catfish. Occasional lymphoid cells were seen which

.

.
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103,107 ’

. resembled classical mammalian plasma cells, ‘ the end—i:roéluct of

“

antigen—ﬂr:’wen differentiation of mature B—lymphocytes. These
plasn'lacytoid cells were larger than the small lymphocytes and had an
oval shape. abundant blue cytoplasm and a dense, reticular eccentically~

placed round nucleus (Figure 18). Some of these cells also showed the

typical clear zone adjacent to the nucleus. -

3.7.1.2 Immunof luorescent studies,
' Smears were processed for ium}unofluoreScencg as described in .
Section 2.11. A few cells were identified as antibody-containing cells

‘by their prominant dark nuclei and brightly—fluorgséent cytoplasm

(Figures 19-22). Cell types representing intermediate stages between o

the B-1ymphocytes and the end—stagé plasma cells have been described
' 104-107 ’

in immunofluorescence staudies of mammnalian tissues and were

B

‘also identified among theé various cells in trout mucus smears. These

cell types consisted of large plasmablasts, with their large nuclei
and rim of fluorescent cytoplasm (Figures 19,20), smaller px;opias;ma—

1

cytes (immature plasma cells), and the small irregular or oval plasma
cells with small eccentrically-placed round nuclei and abundant cyto-

plasm (Figures 21, 22). This staining was not seen in negative control

«

slides, 'where Aormal.rabbit serum was 'substituted for rabbit anti-

2 . ° .
tropt-immuﬂoglobulin 'serum (Section 2.11).° The presence of antibody-

\

con'taining cells in the mucus éuggested that mucus antibody can be '
¢ .

synthesized locally. <o

P

& o
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-+ Figure 1'8.:‘ Photomic‘rograiah of a Wright's-stained smear of trout =
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mucus cells. A plasmacytoid cell is indicated by the,arrqw,q-..

(Approximate' magnification X 720). . ’
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Figure 19. Photomicrograph of a trout mucus smear, showing a pl‘asmé-
T - blast-like cell. This specimen and those which are depicted in sub-
sequent photographs, except for Figure 23, were stained by the indire’ét'
l fluorescent—antibody technique (Section 2.,11). (Approximate magnifi-
_ cation.X 720). ' ’ ,
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' ’F_iguré 20. = Photomicrograph of a trout mucus smear| An arrov indicates

a late plasmablast-like or proplasmacytoid cell. |(Approximate magnifi-
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Figire 21. Photomicrograph of a trout m‘.ucus_sméar. The arrow indi-

| cates a proplasmacytoid cell. (Approximate magnification X 720). .
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Figure 22.° Photomicrograph/ of a tfrout mucus smear, showing a plasma-
e -

L - cytoid cell. (Approxiinate'magnificz}t}i‘on1X 720). -
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. 3.7;2 Ski# seqtié%s . ‘ _ - - - .
' - 3.7.2.1 Hemét°*yl#n-vand eosin-stained frozen Sections '

-~ >

The hematoxylin-and epéin—staiﬁed sections of trout skin demori-

~

. strated the presence of layers of epidermis, loégely—arnanged dermis

- and underlying:mqscfe (Figure 23). Hematoxylin- and eosin-staﬂged

105,106
? and

~ 1

o : frozen‘ééctions“typically give boor\ﬁorphologicldetail,

it was not possible to determine whether or not lymphocytes or their
! HeLe, \ ‘

_ & 0 u
' t . , . . . :
end-product plasma‘cells were present in any of the skin layers. .
LS ' : Con )
+ N A ! -
, s ) M ’ ' - h s
’ ‘ ) , : e
3.7.2.2 Immunofluorescent studies : -
Y - N | : ; ,
¢ : Tmmurfo¥ luorescent studies showed a brilliant fiuorestence of the
* - . ~ ‘ ¢ .

t i

. . , : »
| . hlanketing mucus ldayer, and less bright staining between the cells of

.

the epZ}he&ial‘layéQ (Figure 24); thls stdining pattern was not seen

Occasional individual cells
: o

in~ﬁ¢g tive control slides (Fiéure 25).°

' ) ; ‘ ) . . st
(Figure, K 26a) b) and clusters of cells (Figure 27) whic? exhibited
cytoplasmic staining were seen in the dermié;:bu;_their identification

as plasma cell®t was tenuous, and they were not brgsgntfin the large

.

. : ! N
: numbers which would be®expected to accompany a local sysfem of anti-
body secretion. o .
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4,0 sDiscussion: general comments = / : T
. . i ) . i / L i !

. Tge‘present studies on rainbow trout (Salmo gairdneri). provided
. ) ° g

q -

insight into the njlture of the humoral immune response following

s

antigenic stimulation and the effects of temperature on production of

antibodies. Information was gathered on ‘the size, molecular w‘eight,

4

and electrophoretic characteristics of serum antibodies., Evidence
. L

was obtained which supports the antigenic similarity of serum and

[N

mucus antibodies, and indicates local synthesis of body surface mucus

C ' . ~

" antdibodies, .

R ' ’

’4,.1 Induced tolerance to human gamma globulin in trout

- .

.

The phenpmenon of immunologic tolerance or ‘immune unresponsiveness

-
- .

involves the 1B8ss of ability of an organism to express immunity to an

P

v . .
antigen to which, under different conditions, it would otherwise

respond, The specifically  tolerized ipdividual maintains its .

capacity to respond to other antigens. The failure of rainbow trout

in these sfudies to respond -0 injections of human gamma globulin
v

whiie maintaining the ability to respond to sheep red blood cells,

s .

 suggests that under ‘the conditions described in Section 2.4.1

speéiffic tolerance to-human gamma globulin was induced in-these fish.
o t 112

The establishment.of tolerance has.been well-documented in mammals
, 69,79,113 ) :
and has been observed in fish as well. Without the phenomenon

of tolerance, many harmless antigens‘would be recognized as forePgn,

~

' N / L .
_including one's own tissue antigens. This characteristic¢ of the immune

' response presumably plays as important a

-+

part in the survival of fish

_as does ttgs. pfoduction of antibodies,

y .
Factors contributing to the experimental induction of tolerance

-

i

'

?



., . .- By
f { i ‘ . [
- 3

* ¢ ) ’ .
! ~ v 2 s 3 . !
in fish include low ambieng temperature, dosage, route of{mmunization,

,;

use of adjuvants, physicochemical nature of the antigen, and time
) ' . 69,79,113 : -
s schedule of immunization, . - Immunizatien of an animal with

At

large doses or with repeated low doses of antigén has been reported to

. . 69,112
produce d.rpgxunological tolerance and it is possible that the
: . . . 7 4
repeated weekly injections of a low dose (1 mg) of human gamma R

’

globuiin used in the present study brought about a state of telerance,

4

The trout used in this study were kept at a fairly low temperature

(9°c) throughout the course ¢f immunization; another possible explana-

. .

tion for the loss of immune potential lies in the low dose—low ambient .
- ., ! “ . .
temperature induction of partial or complete tolerance described by

.

69 .
... Avtalion et al in 1973, ?(‘ﬂlowing immunization of carp with a soluble

protein antigen, bovine serum albumin., 'In the present study the - y

" 3 . - \
i tolerance, once induced, cpuld not %e broken by raising the ambient
[ - .

4 .

\ water temperature to 140(3. Still another possibility is indicated by

11y .
\ ‘studies on rabbits, where the presentation of human IgG in its native

form led to an induction of tolerance, while denaturation of the
' \ x . |
gamma globulin by heat—aggregation prior to its injection into the !
animals led to a good antibody response, It may be, then, that the

. .

same -mechanisms op%rate in rainbow trc')ut.:,rand that injectibn of human
gamma globulin in its natdive form resulted in specifi’c.immunosupp-ressic\m.
‘,.The'final poss.ibility is that the choice of the intramuscular route | .
b
* ' was inappropriate for this antigen. It has beer; reported that': intra—-

muscular ‘injections of 20 mg of native bovine‘gamma globulin did not

result in'production o{/ei’thér hemagglutinating or precipitating < a
' . : ’ 60
antibodies in rainbow trout over a five-month period , but that




i 3N

/ intrgperit,one.;l injection of 25 mg of native human. IgG produced
. . 8 . . . »
‘specific serum antibodies in: carp and goldf‘i:’sh.sf+ Further investiga-— v
tions were g’mtu carried out with h'uman ;gam‘ma~ glqbulir‘l ir: the present
study and would be ré‘quj,red to determine the cause 6f the.loss of the

! /
‘ ’ o
¢ specific immune potential in rainbow trout following' intramuscular

~
*

L. immunization with native human gamma globulin., In practical situations,
P procedures involving immunization of fish against pathogens would
N. necessitate determination of, and control of , the factors which could’ |

evoke tolerance. rather than immunity,

[}

5

4.2 Natural' "antibodies" in treut . o
: " P '
. Natural antibodies may be non-specific’ humoral factors, or they

.~ . -

mayjl:.a a reflection of previous exposure to the same antigen, Whatever
their origin, the ever-ready presence of natural antibodies would be

highly valuable as a first line of defense in fish exposed to

Anfection with'a pathogenic.organism,
A ) . ) - K
1

4,2.1 Natural agglutailn@s “ ’ . . ) -

Naturally-occurring agglutinins, in low and high titers, against
a variety of vertebrate red blood cells and bacteria have been noted in
. 0 ) : ,
representatives from all classes of ¥ish, from, cyclostomes to
. 22,23,25,29,34,38,42%60,69,108-111
teleosts. . o : '

.

There is some evidence'

. ) 36,42,108
that these natural agglutinins are immunoglobulins, . with
tspecificities which.differ from induced antibodies. No natural .~

¥ 1)

hémagg&utinating antibodies were detected in non—-'immun‘ized rainbow \

™~ . - .
trout iri‘,';;,he present study, but their presence ma}" have been masked .

® -

‘by hemolysins (Section 4.2.2).

' N “ .

A “ ’ - \ > . )



»

¥,

 des¢ribed in fish,

. these hemolysins. o -

R ' K .
4,2,2 Natyral hemolysins . . e o, .

'

In the present sthy; low titers (up to 16) 'of heat-labile "

¢

hémolysins for sheep- red blsod cells were, detected in serum from non-

imﬁunized rainbow trout; injectiogs_of shéep red blood ‘cells did npt

°

appreciably increase the .titers of hemolysin. Naturally occurring

B

hemolysins.for a variety of vertebrate red blood ‘cells have been
» '

29,33,60,89,109,115,116 .
- and several reports have

suggested that this natural hemolytic activity involves interaction of

60,109,115-118 - °

antibody and complement factors. The naturalthemolysins
' T ..._f 2 ’ .7
of rainbow trout have been reported to be heat-labile and to elute é37

.

o : . : ) 60,118
the high molecular weight fraction in G-200 column chromatography, ’
. ' o . 81 )
and, altegpatively, in the low molecular

-

weight fraction.  Chiller

- 89 : Co .
et al in 1969 noted that hemolysis occurred only after a 24~ to 48-
/ . . L) .

-

hour incubation period and postulated that the hemolysin was not an
‘ s ” i

antibody, but an enzyme., There have been reports of significant

increages in titers.of ipecific hemolysins followiﬁg immpnization of
. . 115,118 ' ' T

fiish with red blood cells, . "In the present study, hemolysis

L v . «
occurred within five minutes following addition of trout serum to

washed sheep red blood cells (Section 3.1;252); the titer did not

,
- o

increase appreciably following a 24-hour incubation period, and

-

. N

\ R .
hemolysis was abolished if the se;umﬁwas first heat-inactivated for 30

S
C

' i TN o
mindtes at 56°C. The levéls of this natufal hemolysin could not be

increased Bf immunizétien of trout with sheep red blood cells,, No ~

attempts were made in the present study to'determi?é the nature of

1
v

.



.a ‘\_\ { o ‘ ,
4,3 P'r:o?u“:t/i;;)c;"speci,f.ic anti-sheep-red-blood-cell antibody in trout,

v
-

and effects of tempexature
' , , \ ' N

Dgspite the failume of rainbow trout to respond to injections of
k) I : \\ h
human gamma globulin, good antibody responses were elicgted in most
, B v » ’

ltrodt following antigenic stimulation with sheep red‘bloaﬁ\cells. The

* . . N "'" . . \. *
responses were characterized by tremendous individual Variation; -,

, . - - '
antibody ﬁroductioniwas transient in some trout, prolonged in'others.

Some trout produced antibody in low titers, others pfoduced antibody v~
in high titers, the highest titer obtained being 4096. It is not

inconceivable that the individual differences in the magnitude of

responses might reflect differences in genetic constitution. If the

ability to resiond to,certain pathogens were found to be genetically- )

controlled, high~responders could be sélectively bred on a commércial.®

R
scale fo produce disease-resistant strains of £ish,

Serum antibodies were detected in both 9°¢~ and 15%- acclimated

'
’ 1

‘fish;-production of antibodies showed marked individual variation at
both tempera%ures.' The latent period prior to appearance,of'aﬂtibodies

,

in the serum was found‘ﬁo be affected by temperature, and was shorter

by three to four weeks in the 15°C fish. It is not known whicﬁ: -

mechanism in the immune response is sensitive to temperature, In

7y .
1948, Bisset carfied out a series of experiments on frogs and. fish,

v
and éoncluagd.that~the stages of antibody—prohuction and.ifs releasé
‘into the blood were affected byytemper;turez gi;séf's reSults'wgre
widely accepted until more recently, when Avtalidn;et’al, in L973§’,
were unéhie to reproduce Bisset's results and*fo;ndoeyiAenbe indicating

- that the tempeéature—sensitive stage was lpcated'somewhere'betweén éhe
process of phagocytosis and ;ntigéh—ﬁetabdliSm 4nd‘the stage of J ;

4

- '
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antibody-sygéhesis and release. . ¢
The-critical temperature below‘whiciﬁm poikilotherﬁ fails to
8 . . . .

. ’ -
produce antibodies in response to antigenic stimulation is species-

) 69 | ’ . ‘ ‘ .
specific, and while a warm-water fish like the carp may not produce

v
-

2

Lo . ) . . . L
antibodies at 9°C, antibody-production will occur at'this temperature

) -

"in a cold-water fish like the rainbow trout. A much lower temperature

‘
’

may\be:iéyuired to abolish antibody-production in rainbow trout, The
AN ‘ - . o
Fffect of temperature bn antibody-production is un&oubtedly a vital

» ‘ . .
Qonsidbration in the practical application of immunizing fish agaihst

pathogens, There is evidence that carp are able‘to acquire long~term

immunity at temperatures below the critical level if ghey are first

kept“af optimal temperatures for sevéra} days. after imcmunization.69
Réising the water temperature to a predetermined optimal temperature
during,-ﬁnd fof asshort initial period followiﬁg,“immunization could r
inducg 1ong—tefm resistapce ;olpaghoggns in hatchery-raised fish
prior ta their re&eéée; If immunization on‘é large scale‘basig were

) s . ) 6 s
found to be impractical, changing the water temperature according to

thé disease might enhance survivall_ Depending on its etiology,

the course of an infection can be'altered by upyard or downward shifts
. , 69 ,
‘in ambient

water temperature, Fish which have been experimentally
. - : . L

infected with Aeromonas hydrophila ﬁave been found to actively seek out

higher temperatures, bringing about beﬂéviouxal fever and subsidance
‘ : o S
of the infection. | J ‘ Ty . M

A\

¢ - . .
4,4 Characterization of trout immunoglobulin

4,4,1 -Two pbpulations of high’molecular weight immunoglobulin with -

- .

different electroﬁhbretic,mobilities

’



P

A review of the literature indicates tremendous discrepancies in

. .

characterizdtion of the nature ‘of the antibody 'response and immuno-

) 13-66 . "
globulins of fish, While some of these ‘diffefences may be ascribedQ),
Ly ! * R

. . “\ N
to properties inherent in the varigus immune systems the\nselves,
. - o

‘others may be due to ya'riations in antigens and in their modes of

LI ’ '
presentation; stjﬁ others may result from the different technical

procedures usS_d in isolation of the antibodies, The possibility ‘that
-t A . Y . g .
some of the unexpected characteristics may be due to in vitro
degradation of immuncglobulin preparations should also be considered.
JProlonged storage at 4°C .has been found to alter the antigenic and

' 119 N
physical structure of human immunoglobulin, resulting in alterations

- . - \\

it immunoelectrophoretic patterns, and there is some evillence that the-

low molecular weight form of-antibody reported in carp and goldfish

-
.

was an 'in vitro engymatic digestion product of the high molecular

©
: ' 54
weight form, brought about by storage at 4%, However, there have

-also been reports that, in sharks at least, immunoglobu%in is not

N1, 42

altered by prolonged storage. In"the present study, long—lt‘erm

storage was found not to have an effect on the immunoelectrophoretic

N
4 . 5
. mobility of either the anodic or the cathodic immunoglobulin
.\ .
preparations from rainbow trout. Neither '‘protein seemed to be a

degradation product of the other.

s

° N\
. In -the present study, only the cathodic immunoglobulin was\

isolated w'hen,separ'atioq procedures used gei electrophoresis' as the
final step, while both anodig and cathodic immunoglobulins Here

a

pdrified‘ whén DEAE was used as the final step (Section 3'.4.3)‘. While

.

, \ - b
the separation characteristics of the DEAE and agar gel electro-

phoresis procedures themse_lves,un&oubtedly differ, the elution of only

B



"

“ ) X . i ‘,“76 -

a cathodic protein following gel electrophoresis presumably reflécts.

N 3
. .

a technical biat% which was introduced into the collection of the
eluates from the agar gel. Small amounts of hemagglutinating

activity did migrate toward the anode (Section 3,3,5), but these

fractions did not yield a single precipitin arc in immunocelectro-

-~ . A

phoresis. Antibody-containing fractions éluted from the cathodic

side of'tl"xe application trough did ‘yield a single arc in immunoelectro-—

-

phoresis, and these are the ones which were collec;:e“d for the’ final

¢

.purified immunoglobulin prgparation. . .

A

The isolation of two populations of high molecular weight anti-

bodies with different charge properties in rainbow trout is presumably
t ' -

"
a-reflection of the electrophoretic heterogeneity which has been

120-122
noted in salmonid fish, ) . Tt.is' not iticonceiv at these two

’

with enough similarities between them such that antisera produced

¥
against either would react’' in immunoelectrophoresis against the entire
: ‘ ‘ 2 .
a R
spectrum of polymorphic antibodies, Tha different subclasses of human

IgG differ in their electrophoretic moi:ilities, half-lives, synthetic

¥

and tatabolic rates,'SUSCeptibilities to enzymatic digeStJ‘on, :

abilities to activate the complement factors which lead to lysis, and

. ‘ ) ’ , .

responses to antigens : the, existence in fish of dif ferent subclasses
. ; > .

with different biologi¢ characterfstics and capabilities would better

-

\ -
r

*




detecting 7S antibodies.

4.4.2 Attempts ‘to detect 78 immunoglobulin -
- ‘h - N 5 ]

While there is evidence that the 7S h:uszmunoglobulin seen in fish
L)

can be an in vitro degradation product of multimeric high molecular .
,' Su ' : '”
weight immunoglobulin, it has also been"suggested that ‘the failure to

v . [
1

detect monomericls antibodies may be due to ghe fact that the test

systems used to a

say. for antibody activity were:not capableéof
’

The high molecular weight antibodies of

grou‘pers, for example, were found to behave .approximately* thirty times

more efficiently ‘than low molecular weight antibodies in a phage
47 . .

‘neutralization test, and the 168 high molecular weight antibodies

*”™

t

of fhe margate have‘ been found to be at least .202000 times more

.

. . ¢ . 57
‘efficient than 7S forms of antiBody in hemagglutination assays.

' In the present study, a modification of the Coombs indirect

, 93
antiglobulin test, which was devgloped specifically for the detection

of monomeric antibodies in agglutination testing systems, was.’set up

and used (Section 2,5.2.2) for 'detection of 75 antibodies in the serum’

’

" of rainbow trout. Agglutinating- antibody was found only in the high '

molecular weight fraction from S-300 gel filtration of sera, from
early and late antibo'dy fesp'onses. Serum antibody of the 7S type was

not found in any of:the low molecular weight fractions for up to 133

-

days following the first immunization, indicating that there is no

shift in production from high molecular weight to low molecular weigﬁt

. *

antibgdy in rainbow trout.

f
. . N
f ¢

- 1 ?
'

P
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'\\and bacteriolytic- properties have also been found in the mucus of.

- 78 -

. ' 4
4,5 Body surface mucus, and its involvement in defense against

,. . . . . 0 \ , ‘ - . N .
inféction . . .
A number of funci:ions have been ascribed to the mucus layer which

coats the body surface of fish, The thick mucus substance may play

80 82 ..
important roles in locomotion, osmoregulation - and precipitation of

82

suspended mud_ particles. The %ontinuous’ Yeplacement:and sloughing~off

v 81
of mucus 1is thought to prevent microbial cplonlzation. In “addition
] s - N
. Id 0

to the protective physical barrier provided by ‘the ‘mucus subs:tance

itself, there is evidence of secretion into the mucus layer of

components which may be involved in non-specific defense systems against

the microorganisms which pervade the external environmeht. For

~
-

example, lysozyme is able to bring about microbial destruction and has

; 83 123 -
been described in the skin mucus of catfiph and plaice. Natural

124 ' 83 .
factors, which may or may not be antibody, with hemagglutinating

Y 48,83 124
fish,

) ¢ ) . . .
' There is a growing body of evidence which syggests that an

(‘ .t

| . +
in‘du\cibl'e antibody-dependent defense system is present in the external
125

_s;.lrf\élce of fish, Harrell et al,

in 1976 'demonstrated' the presence
\

of complement in mucus of raifbow trout, and found that in vitro
m? 7 Ain vitro

o

anti-mibrobial activity requi;ced the interaction of antibody—-like and

t L

complemet\t like components for its expression, Several authors have

been‘able\to induce specific mucus antibodies against a variety of
' 48,83,85,123,125,126

-

, \ \
bacterial apd -erythrocyte antigens, - There is' .

evidence. that the induced antibodies of mucus have antigenic

\ : ’ 48,124-126 % .
properties in\cormnon with serum antiboedies. It has been

\

suggested thata specific secretory system is involved in the production

-



. . : ‘ ‘ 'j,l—.7‘9-‘

. 48,85,125,126 . .
of mucus antibodies, and, alternatively, that skin mucus
! 83 , % . . ' .-
may be derived ' from the serum. ‘

The rainbow trout used in the present study showed no detectable.

natural hemolytic or agglutinating antibodies against sheep red blood

a ,

'

cells’ prior to antigenic stimulation., Specific anti-sheep~red-blood-
‘ G

.- cell antibodies were induced in the mucus by intraperitoneal injectioq
. ‘ ‘ . >
. of sheep red blood cells; immunodiffusion and absorption studies
. Y ") ' ' 1
. 4 !
(Section 3.6.2) showed that these mucus antibodies shared antigenic

-

components with serum antibodies, Immunofluorescence procedures -,

. <
f N o

demonstrated the presence of antibbdy—contaiﬁing plasmacytoid cells in

the mucus. Plasma cells are the end-product of antigen~driven
] differentiation of mature B lymphocytes and are responsible for the

. .
production of antibddy.. They hage ‘been described in immunocompetent

‘ 86,115,127, 128
tissues from representatives of all classes of fish) - and
L ‘ . e , 86, 128
, their morphology and cell lineage are identical to those of mammals, .

i s
'

. The identification of these cells in the mucus suggested that local

‘ .

synthesis of antibody occurs at the skin level in réinbow\trout, but

the origin of these cells could not be determined. Immunofluorescence
* microscopy showed that antibody was present between the epithelial cells

. LY _
(Figure 24) , suggesting that it diffused into the mucus from the

. 2

w

underlying tissues. Howe;er; plasmacytoid cells could not be definitely
identifieé in either the epjythelial or dermal iayers (Figures 24,26,27).
It should be.noted that the skin sections were tékén from a non-
immunized f;éh which appeared. to be in good health, A few cells or

o6ccasional clumps of possible antibody-containing cells were seen in

the dermis (Figures 26, 27) but they were not present in the large
. ] '

" L ////’\\gumbers.which would be expected in an active antibody-secreting system.
: A

o

- . '




4-. 80 - 'v ‘ ’

Since‘plasma cells are the end-result of a cellular requpselto
antigéhiq;stimulation, it is poésible thgt mucus and skin séctioné
taken from 3, fish which had been exposgd'to infection or antigenic
‘stimulation would have exhibited a more intense ‘response as a result

of lymphoid cellular proliferation, féciliﬁéting identification of )
. . ~ oo

~ '
~— .

antibody-secreting cells.
While non-specific lysozymzal and anti-microbial activity in the
body mucus would be of value to a fish as a first line of defense, a

system for local.synthesis of antibody would greatly enhance chances
¢ , N

of survival. The thick mucus could entrap mi?ro—organisms, which, if
not destroyed by tﬁelnatural antibodiLs énd lyéozymes, would activate
" the mechapiéms of local synthesis and secretion of gntibody.

The finding of evidence for a local synthesis 6f mucus antibody

does.not rule out the possibility of simple diffusion of serum
~ -
antibody into the mucus, apd it-is conceivable that both mechanisms
. & - :
" could operate simultaneously. Identification in fish mucus antibody ¢

.

of a secretory piece similar to that found in mammalian secretory.

’antibody would confirm-the existence of a secretory immunogleobulin

. ot

system in fish. <

4.6 TFinal comments - o ‘ : ‘
Natural factors and inducible antibodies have béen described in

.

y ' s
the serum and body mucus of fish. Through the information gathered
and the questions raised, tﬁe'present study invites further jnvesti-

gations into the immunological defense mechanisms of fish. A mdre

'
. .

.thorough characterization of thein/&mmune response would be useful
o’ o . B

* '

in attempts to successfully develop disease-resistant fish , in the
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assessment of the effech of pollutants on resistance to disease; and

‘for|the determination of the phylogenetic emer

gica

LU .

mechanisms which operate in mah.
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oL @,
: Rainbow trout (Salmo gairdneri) did not respoﬁd toC intramuscular

challenge w1th human gamma globulin; these same fish.produced sérum

antibodies following. immunization with sheep red blood cells, sugges—
IS S ' ’ . - ' . ' kN ' ‘
ting that they had ‘become tolgrized by the gamma glébulin. - Antlbody

-

“

production in 'response to stimulation w1th "sheep red lblood cells N

t

K ' occurred at both 9 C and 15 C,‘but the latent period prior to detec—
o . . , . . .

-tion-ef serum antibodies. was shorter at the higher temperature. Trout
imﬁﬁnoglobulin was, found to be of high molecular weight (approx1mately
. 760, OOO daltons) only, and was isolated as twd* populations with

. cl_ifferent electrophoretic mobilities.. No low molecular weight anti-

- '_ . bodies were detected in rainbow trdﬁt, even after prolonged stimulation. -

’

e Mucus antibodies were found to ,be antigenically related to serum
' , - ‘ . S .

antibodies', and immunofluorescence microscopy suggested a local system-

¢+ for production of mucus antibodies.

A
-

. ‘The present studies indicated that rainbow trout ‘are immunélo-

= i
- N - .

gicall§ competent, and that a variety @f factors can influence their

]

immune responsiveness.‘ It was suggested that further attempts "be '

made toward a more complete’ understanding of the factors’ which might

"influence the immune resf:on'sein fish, and that ‘this additional

7

knowledge would be useful in providing them with increased capacities

Lo in resisting infection by .environmental pathogens. i '

I
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