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Abstract:

The cellular inflammatory response of rainbow trout to PKX was investigated. The period studied was
from three to twenty weeks post-injection of PKD-infected kidney homogenate. The inflammatory
response to PKX was compared to that of a non-infectious agent, bentonite clay. Kidney samples were
examined by light and electron microscopy.

Cell identification was based on the literature for peripheral blood leukocytes. In contrast to most
Myxosporeans, PKX provoked a severe host response. Initially, the response to PKX was hempoietic
hyperplasia followed by proliferation of mononuclear cells. The major lesion was a marked
granulomatous nephritis. Resolution of lesions without fibrosis and elimination of PKX was seen by
termination of the study. The macrophage was the predominant cell type involved in the inflammatory
response to PKX throughout the study. Clay induced a chronic granulomatous response only in the
viscera. Intense proliferation of melanomacrophages was the predominant response seen in kidneys,
but clay particles that reached the kidney were phagocytosed primarily by macrophages. In this study,
PKX and a non-infectious agent, clay, were effectively removed from the kidney by macrophages.
Hemtopoietic cell types in fish are still far from being adequately charcterized, in particular the
immature forms.
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ABSTRACT

The cellular inflammatory response .of rainbow trout to
PKX was investigated. The period studied was from three to
twenty weeks post-injection of PKD-infected kidney
homogenate. The inflammatory response to PKX was compared
to that of a non-infectious agent,; bentonite clay. Kidney
samples were examined by light and electron microscopy.
Cell identification was based on the literature for.
peripheral blood leukocytes. In contrast to most
Myxosporeans, PKX provoked a severe host response.
Initially, the response to PKX was hempoietic hyperplasia
followed by proliferation of mononuclear cells. The major
lesion was a marked granulomatous nephritis. Resolution of
lesions without fibrosis and elimination of PKX was -seen by
termination of the study. ' The macrophage was the '
predominant cell type involved in the inflammatory response
to PKX throughout the study. Clay induced a chronic :
granulomatous response only in the viscera. Intense
proliferation of melanomacrophages was the predominant
response seen in kidneys, but clay particles.that reached
the kidney were phagocytosed primarily by macrophages. In
this study, PKX and a non—ihfectibus agent, clay, were
effectively removed from the kidney by macrophages.
Hemtopoietic cell types in fish are still far from being
adequately charcterized; in particular the immature forms.




INTRODUCTION

Prolifefative kidney disease (PKD) ié a pétentially
severe parasitiq disease of econémic importance in
intensively cultured salmonid fishes in Europe and No%th
vémerica. This disease is caused by an unclassified
protozoan réferred'to és PKX. It has Been proposed that PKX
- belongs to the phylum Myxozoé because myxosporean
trophqzoifes and developing spores have been observed'in
the renal tubules of PKD-infected fish (Hedrick et al.,
1984; Kent and~Hedriqk, 1985). Identification of the |
infective stage, mode of transmission,'intefmédiate or
A resefvoir-hosts_and source of the infectioﬁ are unknown.
In aadition, the life cycle‘of this’pérasite is boorly
understood.-

| Proliferative kidney disease was initially described

in fingerling rainbow trout (Salmo gairdneri) by Roberts

and:Shepherd in 1974. Since then, PKD has been reported iq
most Europegn countries (Clifton—Hadley et al., 1984). Thé
first reported outbreak of PKﬁ in North America occurred in
rainbéﬁ trout in 1981, at~the.Ha§ermah State Fish Hatchery,

Hagerman, Idaho (Smith et al., 1984).




Typically, PKD affects fingerling trout or salmon of
fhe'Of year age qlass. _The disease has begn reported in
several trout and salmon speciés, most often in rainbow
trout. ‘Outbreaks of 'PKD vafy markedly in severity;
..morbidity can be '100% with mértality from 0% t; 90%
(Clifton—Hadley et al., 1984). -Fish with PKD show poor
tolerance to stress, increased féed conversion rate and
greatef susceptibility to secondary infectioné.

It has been_suggested:tha£ salmonid speéies are
aberrant hosts for this parasite due to incémplete spore
development and the severe ipflammation seen in infected
fish, which is unuspal for most myxosporean infections
(Dykova and Lom, 1978). Similar characteristics shared
between the family shaerosporidae and PKX have Been
described by Hedrick et al.(1984; 1988) and Kent (1985).

.Shaerospora sp. has been found in tui chub (Gila bicolor)

inhabiting the water supply of PKD-infected Hot Creek State

Hatchery, California and stickleback (Gasterosteus

aculeatus) from Quinaﬁlt Lake, Washingfon, water supply of
a PKD-infected steelhead hatchery (Hedrick et al., 1988).

Although Shaerospora sp. has been'implicated as the

possible etiologic agent of PKD, cross transmission

experiments cohducted by Rafferty (1985) with Shéerospora

infected roach (Rutilus rutilus) and carp (Cyprinus




carpio), and by Hedrick (pers. comm.) with tui chub and
stickleback have been unsuccessful.

The initial cellular response observed by light
microscopy to PKX is the pfoliferation of hemopoietic cells
in the interstitium of the kidney. Subsequentiy4 the major
kidney tiSSue.response to PKX 1is interstitial
‘hypercellularlty, attributed to the 1nf11trat10n and
lprollferatlon of mononuclear cells. There are variable
reports in thell;terature_concernlng the cells involved in
the immnne response to PKX. A variety of morphological and
‘staining characteristics have been used to describe these
~cells, but the celi types have not heen defined. The
-objectlve of thlS study was to describe, by llght and
electron microscopic examlnatlon of ralnbow trout kidney,
the predominant cell types 1nyolved in the inflammatory
- reéponse to e non-infectious egent and to PKX during

initial and later stages of disease.




LITERATURE REVIEW

Historical Background

A disease syndrome in fingerling rainbow trout with
B gross ‘kidney changes was first némed‘prqlferative-kidney
disease - (PKD) by Roberts and Shepherd in 1974.
Subéequently, Ferguson and Needham presented the first
indepth description of PKD (1978). Possibly, earlier
diséases aescribed as "amoebiasis" of trout ‘(Plehn, 1924),
infectious kidney.swélling and liver degenération
(Schaperclaus, 1954) and infectious anemia (Besse, 1954)
were actually PKD. Proliferative kidney disease ié now
.considered one of the most devastating diseases in the fish -

farming industry in Europe.

Etiological Agent

Taxonomy

Initially, PKD wés thought to be caused by an amoeba
because the organism formed pseudopodia (Ghittino et al.,
.1977).' Ghittino et al. (1980) subsequently concluded thaf
this amoeba was-a contaminant. Ferguson and Adair (1977)

-suggested that PKX was an amoeba or myxosporean but the’




"inability to cultufe the organism‘or find spores precluded
2e definite classification. An ultrastructural study of the
‘PKX parasite conducted‘by Seagrave et al. (1980) ehewed
haplosporean features,'namely'the‘occurrence of what éhey

. referred to as "haplosporosomes", and multivesicular bodies
in the cytoplasm; similar to those seen in the oyster
»perasite, Martiela sp., currently in the phflum Aeetosporar
Structures similar to’"haplosporosomee" have also been

- described from members of the phylum My£ozba éCurrent,
_1979).' Recent studies by Kent ana Hedrick (1985) indicate
that PKX is a myxosporean, as evidenced by the presence of.
~intraluminal trophozoites and developing eporee in kidney
"tusuies of.ihfected steelhead trout. The fine structural
features of PKX as described'By‘Feist and Bucke (1987) are
censistent with early stages of sporogenesis of a l
myxosporean. However, the precise taxonomic status of PKX

has yet to be determined.

. Morphology

PKX organisms ‘are 5-20 um in diameter, stain weakly
eosinophilic with H&E, have periodic aeid—Schiffs (PAS)
positive cytoplasmic granules, small pseudopodla, distinct
plasmalemma and contain one to several secondary or
daughter cells (Ferguson and Needham, 1978; Hedrick et al.,

1984; smith et al., 1984). Ultrastructually, a prominent




feature of PKX is the présence of electron-dense
cytoplasmic inclusions, referred to as "haplosporosomes"v
(Seégrave‘et al., 1980). They are 0.14-0.20 um in -
-dlameter, have an electron-lucent bar, are often a55001atea
with the plasmalemma and are found only in thé'primary cell
(Feréuson andeeedham, 1978)ﬂ The nature and -function of.
PKX "haplosporosomes" are not known. .

The most consistently described charactéristics'of the
PKX primary cell are a well deve;oped endoplasnic
'reticulum,unumerous multivesiéular bodies, lipoid bédies‘
"and a prominent plasmalemma (Kent and Hedfick,-l984).
Sédondaryior daughter cells found within primary ceils havé
ca diétinct Golgi apparatus, double cell membranes and
numefous thoplasmic-ribosomes (Feist and Bﬁcké; 1987)
typical of myxosporean generétive cells (Current 1979).
Bundles of micrdtubuleS'within secondary and.tertiary cells
have also been observed, én iﬁdicative feature of
myxosporeans (Feist & Bucke 1987). Two spherical pélar
capsules with coiled filaménts found within capsulogenic
cells have been described in spores developiné in kidney
tubules 6f steelhead and rainbow trout (Kent and Hedrick,
1985).
| :Many similarities éxist between PKX and early stages
of a Shaerospora sp. first described as "Csaba's blood

{
protozoan”, in the blood of common carp (Cyprinus carpio)




(Bucsek and Csaba, 1981). Further  studies determined that
the Csaba's blood protozoan was an early stage of S.
renicola‘and the parasite that causes swimbladder

-inflammation (Molnar, 1984; Csaba et al., 1984).

‘Shaerospora renicola forms gndogehous daughter cells which
Vare feleased and sporulate in kidney tubules, similar to
the patterﬁ 6f development that has been observed for PKX
(ésaba et al., 1984; Kent énd Hedrick, 1985).

Development of‘intraluminal forms of PKX are similar

to the sporogenic stages of Shaerospora spp. Both

myxosporeans are monosporous'and.sporoblasts are formed
within pseudoplasmodia. The outer enveioping'cell of the
.intfaluminal PKX is analogous to the pseudoplasmodia .

described for Shaerospora (Lom et al., 1983). Although

there is no evidence of valve formation, valvogenic cells

surrounding PKX capsulogenic cells have been observed and

the immature spores of PKX and Shaerospora are very similar
in size and shape (Kent and Hedrick 1985).

Shaerospora has been reported in brown trout from PKD

enzootic waters (Ferguson, 1984; Fischer-Scherl et al.,
1986) and one rainbow trout from a hatchery where PKD is

enzootic (Hedrick et al,, 1988).




Epizootiology .

‘Host and Geographical Location
Proliferative kidhey disease is found principally in
salmonid species,'most commonly in hatchery-reared rainbow

trout. The disease has also been reported in cultured

chinook salmon, (Oncorhynchus tshawytscha) and coho salmon
(0. kisutch) (Hedrick et al., 1984); Atlantic

salmon, (Salmo salar) and brown trout,(S. trutta) (Ellis et

al., 1982); wild grayling, (Thymallus thymallus) (Seagrave

et al., 1981) arctic char, (Salvelinus alpinus) (Bucke et

al., 1985). Norfhern pike, (Esox lucius) and roach,

(Rutilus rutilus) are the only non-salmonid species in

which PKD has been described (Seagrave:et'al., 1981).

‘Since proliférative kidney disease wés first desqribed
in 1974, it has been diagnosed in Engiand, Wales,AScotland,
Northern Ireland, Sweden, Republic of Irelaﬁd, It;ly,
France, Germany (Cliftoh—Hadley et al., 1984) and Denmark "
(Olesen et'al., 1?83). Following-the discovery qf PKD in
1981 in Idaho (Smith et-al., 1984), the disease has been
reported in hatcheries in California, Washington and
British Columbia, Canada (Hedrick et al., 1984; Hoskins,
1986). This may not be indicative of an increased range of

the disease but improved recognition of PKD. Review of




’iﬁistological'recdrds at_tﬁe American River California State
Fish Hatchery since 1966 revealed the presence of PKD,

previously referred to as "lupus"” (ﬁed:ick et al., 1985).

Transmission

Natural transmission of PKX occurs by exposure to
enzootic waters. There is no evidence of transmission from
fish to fish or by feeding homogenized or trypsinized
preparations of infectea kidneys to healthy fish (Ferguson
and Ball, 1979, D'Silva et al., 1984). Holding
disease~free fish in aquaria with feces from'infected fish,
or with infected fish was also unsuccessfﬁl in transmitting
PKX (D'Silva et al., 1984).- Experimental transmission of
PKX has been successful only by intraperitoneal injection
of infecte& kidney homogenates (Clifton-Hadley et al.,
1984; D'Silva et al., 1984), or with whole blood or spleen
homogenates (Kent et al., 1985).

There is little evidence as to the mode of entry of
the PKX parasite into the fish. Access through the gill
(Clifton~Hadley et al., 1983) or ingestion (Ghittino et
al., 1977) have been suggested as the most likely, because
" the parasite would then be able to travel v1a the lymphatlc

gand/or 01rculatory systems to the target tlssues.
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Environmental Factors

The severity of PKD can vary markedly and is prosably

influenced by several environmental facfors. Low oxygen
-levels and fish handling result in.incréased mortalities

" due to the respiratory distress caused by the anemia
induced in infected fish.. -

| The disease occurs most frequently at water

temperatures of 15 C 6r above (Clifton—Hadley et al.,
1984). Spontaneous infections and experimentally-induced
disease have occurred at lower water temperatures (Ellis et
al., 1982; Hedrick et al., 1984). Several studies sugéest
that onset and severity of the disease are dependent on
water temperature (Ferguson and Ball, 1979; Ferguson, 198i;f
Clifton-Hadley et al., 1985; Foott et al., 1986). Most
likely water temperature affects both the development of
the parasite and the host response (Clifton-Hadley et al.,
1986). Time of pedk infectivity may be séasonal due to the
cyclical development of the.parasite, which may not be
associated with fising-water pemperature (Hedfick et al.,
1985). At one study site in California, the infective
stage of PKX was'present in the water from April through
November with peak prevalence of infection occurring in
June (Foott ef al;, 1986). Data from the Hagerman Idaho

State Fish Hatchery also support the seasoﬁality of PKD. At
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this-facility the water temperature is a constant 15 c
throughout the yeér but PKD only occufs'from April through
December (Smith, pers. comm.) . .
. .Concurrent infeétions with bacteria, viruses and other
prﬁtozoans often occur, cagsiﬁg greater losses and making
cause of'mortality more diffiéﬁlt to determine. Initially,
'PKD was feported to occur only in_soft water conditiops
(Réberts, 1978; Ferguson and Needham, 1978), but the ’
disease. occurs in hard alkéline waters as well {Scott,

1979).

Pathogenesis

Initial diagnosis of PKD is made by microscopic
examination of imprint (Klontz and Chacko, 1983;
Cclifton-Hadley et al., 1984) or wet mqunts of kidney
prepared from affected fish; Confirmation is.obtained by .
‘observation of the parasite and associated host
inflammatory fesponse by hiStologiq examination of affected
kidney’tissue (Hedrick et al., 1984). Serologiéal
diagnostic tesfs are not available for the ‘diagnosis of
PKD; : ’ |

Six’to eight weeks after infection; clinical signs
including anemia, ahdominaJ distention due to ascites,

darkened coloration,_expphthélmia, renalmegaly and
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.splenomegaly appear (Ferguson and Needham, 1978).
Presumptive diagﬁosis is often difficult because these
'signs are often eﬁcountered with other fish diseases that
affect kidney function. Affected kidneys aré usually grey
. and markedly swollen; in severe cases‘they appear
corrugated. Fish exhibiting clini;al signs of PKD are
"often anemic. The anémia has been classified as a chronic
hemolytic anemia, possibly caused by toxins released from
the parasite (Hoffman and Lommel, 1984). Leukocytosié has
not been reported in fish with PKD.

Gross or microscopic signs of PKD are rarely detected
before,foﬁr weeks following nétural or experimental
infection to PKX. The characteristic kidney lesions.are
areas of diffﬁse granulomatous reaction that often surround
one or more PKX parasites (Hedrick et al., 1986). Ferguson
and Needham (1978) described a whorliné appearance éf
inflammatory tissue with centrally placed PKX cells, 
nephron destruction and sclerosis of glomeruli. Severe
necrotizing vasculitis and subseqﬁent,occlusién of renal
and hepatic vessels are observed frequently due to PKX
organisms édhering to and’destroying vessel walls (Smith et
al., 1984). PKX can invoke a similar granulomatous
response in the spleen; gills, muscle, pqncreas'and a
mononuclear infiltrate in liver and intestin;l mucosa of

‘heavily infected fish (Ferguson and Needham, 1978;
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Cclifton-Hadley et al., 1984).

The location of the parasite during early infection
is unknown. Using antiserum to PKX from rabbits, Rafferty
(1986) was able to producé'markea kidney tubular
fluorescence by the indireét immunofluorescent test (IFT)
during the one to three week period post-injection. "The
parasiﬁe-was not observed in thése samples during this
period. Tubular fluorescence did not occur in control fish
and to a véry small degree during the subsequent course of
the disease, but fluorescing PKX cells were observed in the
hemopoietic tissue from four to nine weeks post—injeétion.

Kent, and Hedrick (1986) observed an early form of PKX
in the kidney interstitium at three weeks post-exposure.
They described the organism as small,.condensed,
eosinophilic, and containing a daughter:celln
Clifton;Hadley et al. (1983) found the first evidence 6f
PKX at five weeks post-exposure in the peritubluar
capillaries,; often with one or more basophilic,
crescent-shaped bpdies'associatea with their outer surface.
PKX has been detected in tubular epithelium and lumina as
early as seven QeekS‘after injection (Kent\and Hedrick,
1986). The intraluminél parasites further develop to form
multicellular spores with polar capsples,-but no valves
(Kent and Hedrick, 1986).

The- sequential pathologic changes‘descfibed in the
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literature for PKD varies in the time course from initial
response and lesion development to resclution. The initial
" cellular response to PKX, observéd by light microscopy five
to seven weeks post-injection, is the proliferation of
hemopoietic'cells‘in kidney tissﬁe (CiiftonFHadley et al.,
1984). Broliferation of melanomacrophage centers as a

- feature of earlyAlesions has also been reported (Rafferty,
1986). The ﬁajqr kidney tissﬁe response to PKX 1is
interstitial hypércellularity.which is attributed to the
infiltration and proliferation of mononucleaf cells,
presumably macrophages, and is prominent between eight to
eleven weeks post-injectioﬁ (Kent and Hedrick; 1986) .

These cells obliterate much of the normal'hemopoietic
tissue, renal tﬁbuies and gloméruli by nine weeks
post-injection (Ellis et al., 1985). Thelprincipal cell
types in lesions have been described tentatively as
macrophages, lymphocytes, fibroblasts and cells that may be
’transforming into plasma cells (Ferggson and Needham, 1978;
Clifton—Hadley et al., 1983). Lymphocytes are also
abundant and have been.reported closely associated with PKX
(Cclifton-Hadley et al., 1983; Kent and Hedrick, 1986).
Organization and resolution of kidney lesions and necrosis
of PKX has been reported By 12 weeks after onset of disease
(Ellis et al., 1982). Nodules of chronic inflammation

containing intact PKX and fibrous tissue have also been
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observed (Clifton-Hadley é£ al., 1953). Resolution- of
lesions ‘involves destructlon of - the para51te and resorptlon
pf dead and dying cells. 1In most flsh surviving PKD there
is little or no histologic evidence of lesions at 21 weeks

post-injection (Clifton-Hadley et al., 1983).
- Control .

Until recently the use of antibacterial and/or
‘antlprotozoal compounds ‘had been unsuccessful in
'controlllng PKD (Ghlttlno et al., 1977; Ferguson and Ball,
1979; Bucke et al., 1981; Clifton—Hadley et al., 1984).

Most recently, successful treatments of Shaerospora

renicola infections of common carp by oral administrations.

.of fumagillin, an antibietic produced by the fungus

Aspergillus fumigatﬁs, led Hedriek et al. (1988)’to test
the drug againsf‘PKD in;juvenile-chinook selmon. . The d;ug _
provided protection against,PKD but toxicity problems were
_encountered. DevelopmenL ef PKD was found to be delayed
when clinically and‘subciinically affected fish were treated
with repeated doses of hlgh concentratlons of malachite
green (Clifton-Hadley and Alderman, 1987). quever,
unacceptable levels of malachite green‘were‘found in tﬁe
fish. Further study-on toxic effects of these cﬁemicals on -

. fiéh.will be necessary before they can be used for the
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" treatment of PKD‘in‘Hafcﬁeries;

In Scotland, salination of the water supply has been
reported to alleviate signs of PKD (O'Hafa, 1985).
However, an experiment conducted in California in which"

" ¢hinook salmoh with PKD were transferred to full strength
sea Qatef did not demonstraté the same benéficial effgcts'
(Hedrick and Aronstein, 1987). Usuélly, modifications of
Husbandry prqctices such as delayed movements to infected
ﬁater, reduced handling, lowgred densities, increase&
oxygen - levels and aecfeased water temperatures are employed
'tO'reduce the affects of-PkD, inéreaSing,thé economic cost

of the disease.
Immunity

‘Fish have non-specific, natural immunity and specific
humoral and éell—mediated immune mechanisms similar to, but
. not identical wiﬁh, thoée of ﬁighéf.vértebrates (Ellié and
Munroe, 1976). 'A characteristic feature of both |
jcell;mediated aﬁd antibody;mediated imﬁuné response in fish-
'is,their dependence oﬁ wéter temperature. Several stuéiés
on the peiationship beéween water temperature andhthe rate
of development of the acute and early chronic inflammatory
fesponse havq shown an‘approximater50%'réduction iﬁ rate of

H development for a reduction in temperature of 10 C.(Finn
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and Nielson, 1971; McQueen et al., 1973; Roberts et al.,
1973; Anderson and Roberts, 1975).

There.are.three major .lymphoid organs in fish: the
thymus, spleen, and kidney. The anterior portion of the
kidney is the primary site>éf hemopoiesis. Posteriorly,
much oﬁ the extrarenal tissue is also composed of
blqod—forming tissue (Yasutéke and Wéles, 1983). Many
undifferentiated cells, as Qell as immature and mature red
blood cells and white blood cells are present. Based on
mammalian morphological criteria, fish leukocytes have been
classified‘into five main groupings: thrombocytes,
iymphocytes; granulocytes, monocytes andihemocytoblasts
(Ellis, 1977). ' There is no clear division of lymphocytés
into T- and B-cells, although there is some evidence of
functional analogues to T- and B-cells (Lewis et al.,
1979). Fisﬁ poséess only one, Ing like, tetrameric
immunoglobulin class (Dorson, 1981).

Many features of the fish defense system are poorly
understood such as the role of the neutrophil, the function
of the complement system, the presence, nature and role of
histaminogeni¢ cells and the nature, origin énd possible
role of the melanin and lipofucsin pigments associated with
inflammatory lesions.

Morphologically the cells involved in a granulomatous

resPonse are generally simiiar to their countérpart cells
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_in-hiéher animals; both at the light microscopic aﬁd
uifrastruétural levels (Timur and Robérts, 1977). However,
"+~ the inflammatory resﬁonse in fish is‘iess intense and |
sloﬁer té appear:and resolve than in maﬁmals (Finn and

. Nielson, 1971).

" Host Response to PKX

‘There are limited reports in the literatﬁre concerning
immunity to PKD.'Yearlings not previously»exposed to éKD
.readily-coﬁtract‘the diéease,’whereas surviVo;s show
complete résisﬁance to reinfection (Kenf aﬁd Hedrick,
1985). However, previoﬁs exposure alone is not sufficient
to produce immunity; recovery from active infection ig
necessary (Ferguson and Ball, 1979;-kent and Hedrick,.
1985). The nature of resistance to infection most likely
results from strong humorél (Olesen and Jorgensen, 1985;
Klontz et al., 1985) and cellular responses (Ellis gt al.,
1982). Passive transfer of serum from recovering fish tg
activgly infécted fish speeds phe.recovery and reduces the
incidence of parasites and lesions (Hedrick et al.,

1985).

Hypoproteinemia is also a charéctefistic of PKD. Scott
(1984) measured changes in serum protein levéls.during én
outbreak.of PKD and suggegted that the increase of one

protein, most likely an acute phase protein, was indicative
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of a,defense7responseu Klontz et al. (1986) reported a
progressive‘increase in the serum betalglobulins in the lgM
range fornsalmonids and decrease in albumin in clinically
ill fish.

Different stocks of Atlantic salmon have exhibited

diverse susceptibilities to infection with PKX (Ellis et

~al., 1982). Reports have also suggested differenf levels

of susceptibility to PKD based on the varied intensities of
the host response. For example, Kent,and Hedrick (1985)

observed a higher incidence of intraluminal parasites and’

corresponding milder proliferative response in PKD-infected

kidneys of brown trout when compared to rainbow'trout.

There are variable reports in the literature
concerning the cells 1nvolved in the immune response to
PKX. Giant cells, typical of Type IV delayed

hypersensitivity, have occasionally been described in brown

‘trout and Atlantic salmon but never in rainbow trout with

PKD (Ellis.et al., 1985). cCells which may be.transforming
into plasma cells have also been described (Ellis et al
1985) however there is incomplete evidence for plasma
cells in fish. Ferguson-(l976) proposed that
immunoglobulin is produced by stimulated lymphocytes that .
do not fully differentiate into plasma cells. Lymphocytes

found closely associated with PKX suggest an active'immune

‘response (Olesen. and Jorgenson, - 1985).
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Host cells asséciatéd with PKX are §ften described by
a variety of morphological éﬁd staininé characteristiés
_such as: large frothy qéils; émali basophilic cells;
eéithelioid-in~form (Ellis et al., 1985); basophilic,
crescént—shapéd bodiés; large sac-like ceilé
(CliftonrHadley'et al., 1994){'énd aberrant macrdphages

(Rafferty et al., 1985).

Host Reponse to Non-Infectious Material
Carrageenin, a seaweed extract, has been used

successfully to induce granuloma in plaice (Pleuronecctes

"Elatessa);'ﬁaintained in water at 10 C. Within 24ihours of:
injéqtion, a local inflammatory resonse consisting of
neut?ophils; macrophages and_lYmphocytes, had developed
(Timur and Roberts,.1977)f There'was no evidence of
intracellular‘carrageenin at this time. 1Initial
phagocytosis was not obsefved until day fiye énd was not
cémpleted until day 42 (Timur,and‘querfs, 1977)Y. By the’*
10th day, the inflammatory cells were almost exclusively
macrophages; Granulation tissue was still present at the
termination of the experiment ‘on day 80 (Timur aﬁd Roberts,
1977). Fish hgld in 10 C water showed all the features of
a markeé granulomatous response by day 18, including
“epithelioid developmgnt;' However, the first appearance of

macrophages with a distinctive foamy cytoplasm and
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fibroblaséic activity was not observed until day 18 in fish
“held at 5 C (Timur and Timur, 1985).

Studies involving the intraéeritoneal (IP) injection
of cdlloidal carbon in pl;ipé held in 8-10 C water have
éhdﬁn”that the carﬁon'gains access to the circulation and
is phagocytosed primarily'By the ellipsoids of the spieen
and the reticuloendéfhelial eells in the kidney and heart
(El1lis and Munroe, 1976). These reticuloendothelial cells

.became free macrophages and were highly phagocytic. |
Aggregafes of carbqn cohtaining méérobhages in the kidney
and épleeﬁ were first obéerﬁed within or §ﬁ the éeriphéry
qf melandmacrophage'centers,.four"days after injection
(Ellis and Munroé)11976).- Ferguson-(19845 found tha£
bacteria were phagocytosed by mécrophages closely
associated with endothelium of the'rehal'portal

-circulation, but not by the endothelial cells.
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MATERIALS AND METHODS

Host Respbnse to PKX

This experiment was ‘initiated on April 1, 1987 and
terminated ﬁwehty weeks later on August 18, 1987(:at the
Fish.Disease Laboratory, University of California, Davis,

Ccalifornia.

Animals

Unexposed, age 0+ rainbow trout (10 g) from Hot Creek’
California State Fish'Hatehery were maihtained'at the Fish
-Disease Laboratory UC DaVis, and gsed‘es teet animals.-
.Fish were heid'in 133 iiter tanks suppliea with iS-C well
water in a flow throﬁgh syeteﬁ; and fed a commercial fish
feed at a daily rate of 1.5% body weight.

‘ Fish were given prophylactic treatments of

nitrofurazone to prevent infections with Fléxibacter

- . columnaris, which is carried by the fish. There was no

apparent mortallty due to columnaris in e1ther group of
fish during the study.“ However, eleven weeks after

initiation of the study, the external parasite Costia

(Ichthyobodo sp.) caused a substantial loss (approximately

20%) in the PKD-infected group. Fish were subsequently
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treated with formalin at a rate of 100 ppm. The control

group did not experience problems with Costia.

Experimental Protocol

PKX was obtained from kidneys of naturally infected
rainbow trout from the Hot Creek Hafchery. Infection was
confirmed by wét mount followed bf histologic examination.
Kidney tissue was.removed, minced with an equal volume of
minimal essential media (MEM), forced through a sieve and
mixed 1:1 with phosphate buffered saline. Eighty ungxposed
rainbow trout were anesthetized with MS-222 (.04mg/ml) and
received 0.2 ml PKD;infected kidney‘homogenate via an
intraperitoneal injection just anterior to the pelvic fins.
The dose of PKX per fish as detefmined by examination of
ten fields at 40x was }:45 x 103 parasites. Sixty control

fish were each injecfed with 0.2 ml MEM.

Tissue Collection and Processing

At three, five, seven, ten.and twenty weeks
post-injection (PI) ten PKD—inocﬁlated trout were randomly
collected. Ten control fish were sampled at six, ten and
twenty weeks PI. .Fish were killed with an overdose of
MS-222 and kidney tissue was removed imﬁediately and fixed

for light and electron microscopy.
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For ligh£ microséopy,‘tissue was collected from
posterior kidney, preserved in Davidson's fixétive for 24
hours, transferred to 70% ethanol, embedded in paraffin and
sectioned at five microméters. Sectioné were stained with
H&E, Giemsa, hematoxylin—PAS} Masson's trichrome, and
Turnbull's blue.

Corresponding kidney tissue was fixed in 2.5%
glutaraldehyde for 18 hours ét 4 ¢, buffered to pH 7.2 in
1M cacodylate phosphate buffef; then post-fixed in 1%
agqueous osmium tetroxide, dehydrated in graded ethanols,
embedded in Spurr'é embedding medium, and sectioned on a
Sorvall MT 5000 ultramicrotome. Thick sections were
stained with toluidine blue to éelect representative areas
and PKX parasites. Thin sections (45 nm thick) weré
stained with uranyl acetate énd Reynéld's lead citrate and
examined by transmission electron microscdpy (TEM) with a
JEOL-100CX electron microscope.

Tissue collection and fixation for all sampling
periods‘except week seven were done by Fish Disease
Laboratory personnel at UC Davis, and sent to the Fish
Technology Center, Bozeman, Moﬁténa@ I traveled to UC
Davis to confer with the staff aﬁd personally.collect the

week seven PI samples.
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Host Response to Clay

This experiment was conducted at the U.S. Fish and
Wildlife Service, Fish Technology Centef, Bozeman, Montana.
The study was initiated on September 2, 1987 and terminated

20 weeks later on January 14, 1988.

Animals

--Disease free age 1+'rainPow trout (190 g) were
' ﬁaintained Similérly at‘thé Bozeman Fish Technology Cenfer
but at a water temperaturé of 10 c. fhese fish were used és
comparative controls to observe the cells.involved. in a

chronic inflammatory response to a non-infectious

substance.

Expe;imental Protocol

.'Preliminary data using finely ground bentonite clay as
an inoculum demonstrated a granulomatous response.
Thgrefore, bentonite clay wés used as the test material in
the comparativé controls. The clay was mixed with stérile
 0.85% NaCl (6g clay/40ml éaline).and 0.8ml injected IP into
eacﬁ of eighteen anesthetized fish. Six control fishAwere
.each‘injected IP with O;Bml sterile saline.‘ Previous
experiments injecting the inoculum at the same rate of PKD

kidney homogenate,(0.0Z ml/g body weight) produced high




26

mortality. Studies indicated that bentonite clay
administered by IP injection at the rate of 0.004 ml/g body

weight was sufficient to induce a granulomatous response.

Tissue Collection and Processing

Sampling began one week PI because studies with
colloida; carbon have shown carbon containing macrophages
in kidney at four days PI (Ellis and Munroe, 1976). Three
comparative controls were sampled at one, three, five,
seven, ten and twenty weeks post-injection. Half the
saline controls were collected at five weeks and the
remainder at the termination of the study. Posterior
kidney was dissected and proéessed in the same manner as
mentioned above for light and electron microscqpic
examination of PKD-infected kidney tissue. Pyloric caeca
from these fish were also dissected, processed and examined

because of visceral granulomata formed in response to clay.

Cell Classification

Kidney interstitial cells that responded to inoculum
were classified as; lymphocytes, polymorphonuclear
leukocytes (PMN), macrophages, thrombocytes and hemopoietic -
blast cells. Cells were classified at the iight

microscopic level using the following criteria based on the
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literature (Ellis, 1976; Cannon et al., 1980; Yasutake and
'Wales, 1983; Hiéhtower et al., 1984) for hematoxylin-eosin
stained sections: . |

Lymphocyte - small spherical cells, eccentrically
.located sbherical, reddish-purple nucleus with a narrow
band of lightly basophilic cytoplasm that frequently
contained granules.

PMN -~ round to ovoid cell with bilobed £o
multilobulated, eccentric nudléus and Blué—gray.cytoplasm.

Macrophage - large, reniform, reddish-purple nucleus
with moderately basophilic cftopiasm that often contained
;fine granules ana vacuoles.

Melanomacroéhage - macrophage copfaining
brownish-black melanin granules. |

Thrombocyte - the long form has an elliptical, dense
basophilic nucleus oftenvwith one or two ciefts,-very light
basophilic cytoplasm that can appear streaked. The
spheroid form is indistinguishable from small lympﬁocytes.

. Plasma cell - eccentrically located nucleus,
reddish-purple with eosinophilic cxtoplaém.

Blast cell - large pale, centra11y~located.nucleus
with prominent blue-purple nucléoli and basophilic
cytoplasm.

The ultrastructural criteria primarily for plaice

(Ferguson, 1976), carp (Blaxhall, 1983; Cenini, 1984) and
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channel catfish, Ictalurus punctatus, (Cannon et al., 1980)
leukocytes was used aé a basis for cellular classification
and are as follows:

Lympﬁocyte - 3-10 umn, largé sometimes indented.nuCIeus
-with dense compact chromatin, thin rim of cytoplasm with
llmlted rough endoplasmic retlculum, few elongate
mltochondrla and small pseudopodla.

PMN - 8-10 um, irregular and sometimes eccentric
nucleus with dense, patchy chromatin, no pseudopodla and
spe01flc granules (crystalllne or flbrlllar) in the
cytoplasm.

'Maqrophage - 12-20 um, eccentric nucleus with loosely
packea chromatin, well developed rough ehdoplasmio
reticulum, prominent Goloi apparatus, vesicles of varying.
size and electron-density, few to numerous ovoia
mitochondria, pseudopodia. The cytoplasm often contains
small, round, dark granules with an electron-lucent rim and-
phagolysosomes.

Melanomacrophage - smilar to macrophage above, but
contains a large number of membrane boupd vesicles and
elegctron-dense melaoin granules. |

Thrombocyte. - 5-8 um, indented nucleus with cross
hatchod heterochromatin and euchromatin, few mitochondria,
sparse rouéh endoplasmic reticﬁlum; small Golgi apparatus,

prominent electron-lucent vesicles, centrioles and numerous
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microtubules.

Plasma cell - 10-12 um, eccentric nucleus with -
radially arranged chromatin and distinct nucleolus, and
abundant fough endoplasmic reticulum.

Blast cell - large, oval, euchromatic, centrally

" located nucleus and prominent nucleolus. Cytoplasm

contains few mitochondria and numerous ribosomes.
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RESULTS

The résults-presented here are based on
interpretatioﬁé followiné_the examination of paraffin
sections and electron micrographs; The severity of lésions
associated with PKD and the prevalence of PKX vafied.from,
moderate to extensive in kidney tissue collecfed at each -

sampling period. PKX was not found in éOntrol samples.

Typié&l PKX was detected in the kidney vasculature,
interstitiuﬁ, tubular epithelium and lumina éf infected
fish. :By light microscopy, the primary cell was lightly
eosinophilic wi£h a prominent, deeply staining nucleolus
and PAS positive cytoplasﬁic granules. Ultrastructurally(
primary cells were uninucleate with a euchromatic nucleué
and prominent'electron;dense nucleolus, electron-dense
plasmalemma, granular cytoplaém and characteristic
haploépérosome—like'bodies. 'These "haplosporosomes" had an
.electron-dense matrix=with electron-lucent bars one-half to
one-third the diameter, especially prominent in those ﬁear

the plasmélemma.. The cytoplasm contained abundant rough
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endopiéémic reticulum, spherical to elongate mitoéhondria
with'piateflike.cristae, lipoid and.multiQesicular bodies.
- The lipoid and multiveéicular 5odies appeared to be moré
_ pfominent'in paraéites that contained daughter cells.

Vegetative reproduction of ihtérstipial.PKX‘by biﬁary‘
fission and internal cleavage was observed. Primary cells
containing up f& four daughter cells were seen in infectéd
kidnefs. Daughter ceils were enciréled by the‘oute;‘cell
membrane and contained prominent, electron;dense nucleoli,
‘few:mitochondria; little r?ugh endoplasmic reticulum;
abundént free ribosomes and occasionally lipéid boaies
(Figure 1f. ""Haplosporosomes" were never seén in daughter
cells but were found adjacent to the priﬁaryrcéll membfane
surrounding thé daughter cell. The secondary cell often
appeared to bé separating from the enveloping primary cell
(Figure 2).

PKX was observed in kidney tubular epithelium five
: weeks PI and tubular lumina ten weeks PI. Intraluminal
forms varying from small, uninucleate fo larger,
multinucleéte, eosinophilic cells were observed in
paraffin sections. Small parasites that resembled daughter
cells and multinucleate sporoblasts were found in distal
tubular lﬁmina by electron micrdscopy. Mulfilaminate
bodieslwere seeh in the enveloping cell of the‘intraiuminal

sporoblasf, but polar capsules were not observed.
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Figure 1. PKX containing internal daughter cell (Oc);
haplosporosomes (arrowheads), nucleus (Nu)f
lipoid body (arrow), mitochondria (Mi)(x9000).
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Figure 2. PKX containing daughter cells (*) that appear to
be separating (arrow) from enveloping primary cell;
haplosporosomes (arrowheads) (x7800).
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Host Response to PKX

Week Three

PKX were observed infrequently by light microscopy in
five of ten kidneys collected three weeks PI. They were
observed in the hemopoietic tissue, sinusoids and
peritubular capillaries; most appeared to have macrophages
closely adhered to the cell surface of the parasite (Figure
3a). Several parasites were found free iIn the circulation.
Several stages of development were observed; small
condensed eosinophilic cells resembling daughter cells,
primary cells and primary cells containing daughter cells
(Figure 3b). In one sample, small cells, possibly
degenerate PKX, were observed in the tubular epithelium and
lumina (Figure 4a).

In several samples, focal areas of hemopoietic tissue
appeared intensely basophilic, apparently due to increased
cellularity. Numerous mitotic figures were evident in
these areas. Melanomacrophages were found scattered
throughout the hemopoietic tissue, except for one sample in
which there was a marked increase iIn numbers and

concentration.
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Figure 3. a) PKX (arrowhead) in sinusoid with macrophage
(arrow) closely adhered to cell surface, three
weeks Pl (x400). b) PKX (arrowhead) containing
daughter cell iIn kidney interstitium; macrophage
(arrow) (x400).
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Figure 4. a) Vacuoles (arrows) containing cellular
material in tubular epithelium (x400).
b) Lymphocytes (arrows) migrating through
tubular epithelium x160).
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Numerous lymphocytes were seen migrating through
tubular epithelium (Figure 4b). The major tubular change
. observed three weeks PI was vacuolation of proximal tubul;r
epithelium with hyaline droplet degeneration and
accumulations of an eosinophilic granular material in most
tubular lumina.

Exaﬁination by electron microscopy of kidneys
epllected at three Qeeks»PI-cdnfirmed.findings at the light-
microscopicnlevel, i1.e. large cytoplasmic droplets,
vacuolation of tubular epithelium, migrating lymphocytes,
mitoses of hemopoietic cells and finely granular material
in tubular lumina (Figure 5). However, the presence of any
developmental stages of PKX wére not confirmed by
ultrastructural examination of tissue samples.

Endothelial cells lining kidney sinusoids and
peritubular capillaries appeared éctivated as evidenced by
the abundance of pinocytotic vesicles adjacent to the
Aluminal plasmalemma and cytoélasmic protrusiqhs. Numerous
lymphocytes wefe seen'iﬁ the peritubulaf capilléries. |
Circulating macrophages were observed attachéd to the inner
surface of vessel walls (Figure 6). Macrophages were seen

migrating through tubular basal lamina and into tubular

epithelium. Occasionally, macrophages containing




Figure 5. Migrating lymphocyte (Ly) and vacuoles (Va) 1In
tubular epithelium and granular material (CGr) 1in
tubular lumina, three weeks Pl (x4680).
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Figure 6. Circulating macrophages (Ma) attached to

endothelitum (En) of vessel wall, three weeks PI
(x5200).
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degenerate cellular mate;ial in phagocytic vacﬁoles were
‘overlying endothelial cells.’ -

- .Lgrge, electrbnrdénse, nﬁcleolar-like material, was
seen in macrophages in several-tissue.samples collected at
three weeks PI. An unidentifiable cell observed with
-relative frequency in the kidney interstitium (Figure 7) at
three weeks PI was not found in subsequent samples or
controls. The cell was.small, contained electron-dense
cytoplasm, numerous vacuoles, few mitochondria, numerous
long pseudopodia and often a deeply.indented nucleus with
surrounding microtubules (Fiéure 8). Disruption of
ﬂuclear membranes, swollen mitochondria or condensation of
organelles suggestive of degeneration was not observed in

these cells.

Week Five

At five weeks PI interstitial inflaﬁmation was evident
in kidney samples from all ten fish. PKX was identified in
seven samples; one heavily, one moderately and the rest
lightly infected. Samples collected at this time exhibited
a wide range of severity of lesions, from small localized
areas of hemopoietic proliferation, vacuolation of proximal
tubular epithelium'and no identifiable PKX (Figure 9a$ to

advanced lesions with massive hemopoietic proliferation,
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Figure 7. Unidentified cell (Uc) found in kidney
interstitium, three weeks PI (x5200).
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Figure 8. Unidentified cell with electron-dense cytoplasm,
vacuoles, indented nucleus (Nu) and pseudopodia
(arrowhead) &15,000) .
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Figure 9. a) Mild PKD (x160). b) Severe PKD, five weeks
PlI; PKX (arrowheads) (x160).
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few intact tubules and numerous PKX cells (Figures 9b).
Although inflammation was evident in all ten fish, PKX was
not identified in three samples'that e%hibited mild
hemopoietic proliferation.

Prominent features observed by light microscopy were
intense basophilia of hemopoietic tissue, numerous mitotic
figures, and displacement of renal elements by increased
hemopoietic cells. There was a marked decrease in tubular
density in two samples. Cells infiltrating the
interstitium consisted largely 6f lymphocytes and
macrophages.

One small granulomatous foci with a single PKX located
in the center was seen in the hemopoiétic tissue of one
kidney sample. PKX was obsérved in tubular epithelium of
only one fish that was heavily infected with PKX and
exhibited advanced lesions (Figure 10). Most PKX were
surrounded by macrophages and occasionally attached to
vessel walls.

Severe vasculitis with areas of occlﬁsibn was seen in
the renal vein of one sample (Figure 115). Macrophages
appearednto be adhering to the surface of PKX cells that
were free within the vessel, on the edge of and Jithin the
lesion. The lesion was comprised of parasites,

macrophages, lymphocytes, and erythrocytes (Figure 11b).
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Figure 10. &) PKX in tubular epithelium (arrow) and lumina
(*) (x400). b) PKX in tubular epithelium
(arrow) and hemopoietic tissue (arrowhead),
five weeks Pl (x400).



Figure 11.
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a) Vascular lesion In renal vein, five weeks
PlI; PKX (arrowhead), Hlymphocytes (*) I160).
b) Vascular lesion containing PKX (arrowheads),
lymphocytes (*), macrophages (arrows) and
erythrocytes (double arrow) (x400).
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The endothelium and muscularis were often disrupted where
the inflammatory lesion was attached, possibly allowing
macrophages, lymphocytes and PKX to migrate through the
vessel wall into the hemopoietic tissue. A brownish-green
pigment which stained negative for hemosiderin, was
observed scattered throughout the renal vein, hemopoietic
tissue and occasionally lining tubular lumina.

Numerous lymphocytes were‘Seeﬁ migrating through the
epitheliuﬁAof collecting tubules, however, this was also
observed ih controls and may rebresent'a normal condition.
A marked increase in melanomacrophages was noted in five
‘weeks PI in experimentally-infected fish and among samples
from the control group at six weeks. Apparently this was

in response to the infectious agent, F. columnaris,

present in both groups of fish.

‘Electron microscopy showed that PKX found in the
interstitium had at least one macrophage, usually two or
more closely adhéred to their surface (Figure 12).
Lymphocytes were often seen in close proximity but not
directly adjacent to the parasite. PKX observea in
the circﬁlation appeared to be in the process of being
engulfed by macrophages (Figure 13). Macrophages
containing degenerate cellular compbnents, possibly PKX

were observed in tubular epithelium of several tubules
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Figure 12. Macrophages (Ma) closely adhered to the cell
surface of PKX; lymphocytes (Ly), nucleus (\u)
(x5000) .
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Figure 13. PKX iIn kidney circulation partially (double
arrows) and completely (arrow) engulfed by
macrophages; daughter cell (@Oc), nucleus (u)
(x5000).
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(Figure 14). In contrast to three week samples,
peritubular capillary lumina appeared'collapsed from
increased cellularity or engorged with blood cells.

. \
Week Seven

Eight of the ten fiéh sampled at éeven weeks PI had
grossly swollen kidneys. - Higtologically, PKX was found in
all ten kidney saﬁples; foﬁr were heavily, three moderately
ana three lightly infecfed with the pérasite. There was a
marked decrease in tubular density in all ten samples;

Intact as well as degenerate PKX, often with intact
daughter cells, were observed in kidney tissue.‘ The intact
daughter cells appeared as small condensed eosihophilic
cells, similar to the early stage‘of PKX seen at three
weeks PI. Cells, predominantly macrophages,. were found
.adhered to all the parasites observed at this time.

The characteristic featuré of samples taken at seven
weeks PI was an epithelioid-like granulomatous reéponse to
PKX. Granulomatoué lesions replaced hemopoiétic tissue to
varying degrees throughou£ the kidney interstitium. PKX
was usualiy found in the center of a "whorl" of nacrophages

(Figure 15). Epithelioid-like macrophages were the
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Figure 14. Macrophage (Ma) containing degenerate cellular
material (arrowhead), possibly PKX, in tubular
epithelium (*), five weeks Pl (x5200).
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Figure 15. a) Granulomatous lesions seven weeks Pl; PKX
(arrowhead) (x160). b) PKX (@rrowhead) iIn the
center of a whorl of macrophages (@@rrows) (x400).
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predominant cells found in week seven samples. 'Fibroblasts
Wefe:found only widely scattered throughout the
inflammatory tissue.

The most interesting feature observed at the
ultrastructural leﬁel was the abundance of plasm; cells,
found only occasionally at previous sample times. Plasma

cells were not found attached to or in close proximity to

parasites but were abundant throughout the kidney

. interstitium. Epithelioid cells were the pfedominant cell

type found in kidney samples (Figure 16). Epithelioid

- cells were morphologically similar to macrophages but they

were usuall& ;arger, elongate and did not contain
phagolysosomes. The lack of collagen fibrils in the
extracellular spacé close to the cell distinguished these
cells from fibroblasts. Macrophages were seen migrating
through the tubular basal lamina and into tubular
eéithelium;

Peritubular and sinusoidal spaces were often
collapsed. Tubular basal lamina appeared thickened.
Autophagic vacuoles, myelin fidgures and clumped chromatin,
all of which are indicative of degeneration, were often

7

noted in tubular epithelium.




Figure 16. Epithelioid tissue seven weeks Pl (x5200).
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Week 10

all ten fish sampied ét ten weeks PI were pdsit;ve for
PKX1‘Six fish were heavily, three moderately, and one
lightlylinfected. ‘Intraluminal forms of PKX were observed
in kidneys from three fish. Macrophages were attached to
most of the pafaQites in the kidney interstifium (Figure
17a) and blood véssels, but host cells were not found
' associate&'with the intraluminal forms of PKX (Figure 17b).
PKX cells that had macrophages adhered to their surface |
.appeéred to be dndergoing degeneration,.but daughter celis,
" of thch there were'often two or more, Qere usually
intact.

Epithelioid tissue was markedly reduced in ten wéeks
PI samples as compared to seven weeks PI'SAmples.
Proliferative hemopoiétic tiséue was.prominent with diffuse
eéithelioid tissue scattered throughout the interstitium.
PKX cells were mostly found within epithelioid tissue. Few
intacf tubular elements remaiﬁed at this time. Numerous
. lymphocytes werev;een in remaining tubulé;.'

An interesting feature of kidney tissue.from ten @eeks
PI was the presence of brownish-black, meléninélike

granules, mostly lining tubular luﬁina (Figure 17b).




Figure 17.
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a) Macrophage (arrow) adhered to surface of PKX
(arrowhead) i1n kidney interstitium;

intraluminal PKX (*) (400). b) Melanin-like
material (arrow) lining tubule lumina ten weeks
PI; intraluminal PKX (*) (400).
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Staining for hemésiderin-was négative and identification of
this material by ultrastructural examination was
unsuccessful,

Most commonly, ka was seen by electron microscopy
with at least one macrophage, usually two or more,

. adhered to the surface coﬁpletely surrounding the parasite
(Figure -18). Macrophages containing electron-dense
granulés with an electfon—lucenf haio, presumably
lysosomes, were often obsefved in close proximity to the
plasmalemma bordering PKX (Figure 19). Lymphocytes were

" often, but not always found in close association with the
oqfermost mécrophage plasmalemma bu£ rarely adjacént to
PKX (Figure 20).

At fen weeks PI, the hemopoietic tissue was comprised
primarily of leukocytes; predominantly macrophages,
immature and mature lymphocytes. Few erythrocytic
precurﬁors were observed in the hemopoietic tissue. In
comparing‘tissue samples to week three, hypercellularity
was -evident by the lack of intercellular spaces and the
-compresséd,appearanqe of peritubular capillafies and

sinusoids.
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Figure 18. Macrophages (Ma) closely adhered to the surface
of PKX; daughter cell (Oc) (x5720).
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Figure 19. Electron-dense granules (arrows) in close
proximity to plasmalemma adjacent to PKX;
haplosporosomes (arrowheads), daughter cell
(Dc), nucleus (Nu) (10 ,000).
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Figure 20. PKX with macrophages (Ma) closely adhered to
cell surface and lymphocyte (Ly) closely
associated with macrophages; daughter cell
(Dc), nucleus (Nu) (x4200).
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Macrophages;gefezégainlfound migrating through the basal
lamina and int6 dista1°é££ﬁ1ar épithelium (Figure 21). |
‘Tubular eﬁithelium often ého&ed signs of degeneration, such
as swollen mitochondria, myelin figures, cytoplasmic.
-vaéuolation{ and.a.thickened basal lamina, fibroblasts and
epithelioid cells. Like piasmé gells seen in week seven,

_ thrémbocytes were mdre numerous in these ﬁissug saméles

than previously observed (Figﬁre 22).

Week Twenty

| " The study.was terminated at twenty weeks PI. .PKX was
nét-identified in the kidney interstitium or tubular lumina
in any of thesé tissue samples. Small granulomatous foci,
vacuolated tubules and regenerating tubulés‘were the most-
'prominent features -observed by light microscopy. All |
kidneys appeared to be recovered or recovering from PKD as
evidenced by the reducfion in hemopoietic and granulomatous
tissue, increase in renal elements,’and_nﬁmerous
régenerating fubules (Figuré 23). cCells in regenerating
tubules were distinguiéhed by their deeply basophilic

éytqplasm.
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Figure 21. Macrophage (Ma) migrating through basal lamina
(arrow) i1nto tubular epithelium, ten weeks PI;
PKX (x4200).
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Figure 22. Thrombocytes (Th) found at ten weeks PI
(x5460) .
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Figure 23. Regenerating tubule (arrow), twenty weeks Pl
(x400).
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Thickened basal lamina, macrophages in tubules,
regenerating tubular epithelium and scattered fibroblasts
were the most common ultrasrructural features of these
kidney samples (figure 24). Celle of regenerating tubular
epithelium were'squamoue to cuboidal in.shape, had
large nuclei with diffuse chromatin, prominent nucleoli and

few or no microvilli.

Host Response to Clay

During the twenty week experiment, there was no
mortality of fish injected with bentonite clay and saline.
The control fish injected only w1th saline did not show any

changes in the pyloric caeca or kldney tissue samples.

Week One
Histologically, clay particles were visible in tissue
surrounding pyloric caeca. Macrophages appeared to be the
only cell type respondlng to the presence of clay in the
visceral cavity. The most characteristic feature in the

kidney was the increase in melanomacrophages found in the
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Figure 24. Thickened basal lamina (arrow) and regenerating
tubular epithelium (Tu), twenty weeks PI
(x4000).
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interstitium. ‘Some melanomacrophage§$¢ontained‘clay
pgrticles as evidenced by the blue éoior of clay in
secfions stainéd with Giemsa. Most proximél tubules
R appeared heavily vacuolafed..

Electrgn microscopic examination of the kidney sampleé
reveéled the presence of ciay particles in
ﬁelanoméqréphages and macrophages thét'appeared to be
. overlying endothelial cells (Figure 25).. Endothelial
cells} especially those,lining the pe;itubulgf capillariés
were swollen and markgdly'Vacuolated. In contrast to fish
>with PKD, PMNs were observed more frequently in the.

- hemopoietic tissue.

Week Three

Grossly, visceral adhesipns were first noted in fish
collected ét~week three. An inflammatory respoﬁse to the
clay was evident in tissues surroundiﬁg éyloric caeca
-éamples. Bentonite clay indﬁced distinct visceral
“granulomas'that were scattered throughout the fatty tissue.
The granulomas wefé mainly comprised of macrophages
containing clay pafticie$ and a few multinucieate giant

cells.
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Figure 25. Clay particle (arrow) contained In macrophage
(Ma) which 1is overlying endothelial cell (En);

tubular epithelium (Tu), mitochondria (Mi)
x11,500).
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Melanomacrophage proliferation in hemopoietic tissue
was more intense in the three weeks PI than one week PI
samples. Again, sections stained with Giemsa revealed the
presence of small clay particles in these cells. Clay
stained intensely blue with Giemsa.

Ultraétructurally, activated endothelial cells were "
observed with clay particies‘in their cytopiasm. Clay
pa?ticles were also found again'in macrophages and
melanomacrophages. Tubular lumina, usually‘distal
segments, were almost occluded with a finely granular:
material similar to that seen in PKD—infectéd fish at three
weeks PI. Manf large, electron-dense droplets, similar to
those seen in hyaline droplet degeneration, were found in

proximal tubular epithelium.

Week Five

Visceral granulomas were not seen in any of the
samples collected five weeks PI. However, kidney tissue
from two of three fish sémpled revealed an intense
proliferation of melanomacrophages in the hemopoietic

tissue. :
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Melanomacrophages were the predominant cell type found
in kidney interstitium by electron microscopy (Figure 26).
However, clay particles had been phagocytosed mostly by

macrophages.

Week Seven

Massive visceral granulomas containing clay particles

. (S . .
‘of various sizes were observed at seven weeks PI.

Macrophagés; epithelioid cells, and foreign-body giant
cells were the predominant cell types found in the lesion
(Figure 27a). A lymphbcftic infiltrate was not seen in

these gfanulomas. Marked hypercellularity and a decrease

in tubular density in the hemopoietic tissue was noted in

- kidney interstitium (Figure 27b). Clay particles were

difficult to diééern in these areas of the concentration of

darkly staining melanomacrophages.

 kidney samples. Melanomacrophages almost filled the ‘entire.




71

Figure 26. Melanomacrophages (Mm) found in Kidney
interstitium, TfTive weeks Pl (x5200).
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Figure 27. &) Visceral granuloma seven weeks PlI; giant cell
(Gr1) x160). b) Melanomacrophages dominate the
kidney interstitium seven weeks Pl (x400).
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Eiéctron microscopic examination of kidney tissue
showed'clay-particles mostlf in macrophages (Figure 28);
occa51onally endothelial cells, and very seldom in
melanomacrophages although thlS was again the predominant

cell type. An accumulation of large, electron-dense

" absorption granﬁles was noted in proximal tubular

epithelium (Figure 29).

Week 10

Viscefal granulomas ranged from small, well
circumscribed lesions scattefed throughout adipose tissue
to mas51ve lesions invading the intestinal muscularls and
obllteratlng most of the fatty tissue. Necrosis was noted
in several areas within large granulomas.. Lymphocytes
and numerous long spindlg—shaped fibroblasts were seen in
the large, more advanced lesions (Figure 30a).

A noderate decrease in tuhular density and
hypercellularity in the kidney interstitium were the

characteristic features.of<kidneyftissue sampled.

Melanomacrophages and mononuclear cells were the
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Figure 28. Macrophage (Ma) with phagocytosed clay
particles (arrows) seven weeks Pl (x10,000)
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Figure 29. Large, electron-dense absorption granules
(Gr) in proximal tubular epithelium seven weeks
PlI; nucleus (Nu) (x5460).
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predominant cell types found in the interstitium. Proximal
tubular epithelium appeared to have extremely vacuolated
cytoplasm and hyaline droplet degenération was noted in
many of these tubules. Cellular debris was evident in
lumina df severai collecting tubules. Regenerating tubules
were observed throughout the kidney tissue.
Melanomacrophages were seen in the kidnef circulation
(Figure 30b).. In sections stained with Giemsa, clay
particles were difficult to distinguish in areas of
hemopoietic tissue containing large concentrations of

- melanomacrophages, but easily identifiable in macrophages
not located near these areas.

Ultrastructural éxamination of kidneys revealed
results similar to sevén weeks PI. Plasma cells were first-
noted in these samples, often adjacent to kidney tubules
(Figure 31). Small, atypical barbell shaéed mitochondria
suggestive of sublethal injury were often seen in tubular

epithelium (Figure 31).
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Figure 30. a) Lymphocytes (double arrow) and fibroblasts
(arrows) in visceral granuloma (x!60). b)
Melanomacrophages (arrowheads) in the kidney
circulation ten weeks PI (x160).
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Figure 31. Plasma cell (Pl) adjacent to kidney tubular
epithelium with small barbell-shaped
mitochondria (small arrows) ten weeks Pl; basal
lamina (large arrow), erythrocyte (Er)
(x7600) .
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Week 20

Grossly, samples collected at the termination of the
study showed Viséeral adhesions along the intestine and
black streaks in the’ visceral fat and pyloric caeca.
Histologically, small to large granulomas, were found
scattered throughout the visceral fat, attached to and
in&ading spleen capsules and intestinal muscularis;‘_The
characteristic feature of thesé samplés waé numerous
meianocyteé, not seen previougly, found primarily ip fhe
cente; of the granulomas (Figure 32).

Kidney tissue more closely resembied saline injected
controls at this time. Tubular density appeared normal.
Hypercellulafity, extremely vacuolated tubular epithelium,
and protein material in'tubular lumina Qere markedly
reduced. Melanomacrophages were found primarily around
blood vesseis ahd lightly scattered throughout the
interstitium. Blast cells were evident and clay particles
were diffiéult to find in the hemopoietic tissue. Electron
microscopic examination of samples confirmed the above'

results.
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Figure 32. Melanocytes (@rrows) iIn visceral granuloma
twenty weeks PI (x160).
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DISCUSSION

Developmental stages 6f PKX previously described by
Kent (1986), Rafferty (1986) and Clifton-Hadley et al.
(1987) were obsérved in this study. The small condensed
eosinophilic form of PKX at three weeks PI and migration of
the par;site through tubular epithelium reported by Kent
(1986) were observed by light microscopy but not confirmed
by electron miéroscopy.' Exéerimental fish infected with
PKD appeared to mount an effective local cellular.reséonse
against PKX, interrupting maturation of the parasite.
Typical myxosporeans, have primary cells that eventually
disintegrate and ;elease daughter cells, which may begin
the cycle again, go into the sporogenic phase or be
destroyed by the host tissue reaction (Lom, 1987).
Intraluminal sporogenic forms were observed infrequently,
and were not found in any fish collected-twenty weeks PI.
Complete sporulation did not take place as evidenced By the
lack of polar capsule formation.

Vegetative reproduction by binary fission of PKX
internal cells (Kent, 1986) and internal cleavage (Seagrave
et al., 1980) typical of the phylum Myxozoa (Lom et al.,
1983) was observed in this study. The secondary cell or

" generative cell has characteristic bundles of microtubules
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close to the nucleus, numerous free ribosomes in the
‘cytoplasm, pseudopodia-like extensions and lack a
centriole. It is tﬁis type of cel} that is produced by the
released sporoplasm and is the initial stage of the
extrésporogenic cycle (Lom, 1987). Unidéntified cells seen
early in the infection could represent the infective stage
of PKX, but may alternately represent foreign fish cells
from the kidney homogenate inoculum.

PKX Provoked aﬂgevere host reaction characterized by
interstitial hyperplasia and granulomatous- interstitial
nephritis. This is in contrasﬁ to most ﬁyxosporeans which
invoke practically no tissue reaction (Lom, 1987). The
host inflammatory response seemed to inhibit b&th migration
of PKX to the fubular luminaAand subsequent sporulation.
Infeqtion rate and intensity of disease did not appear to
be dose related. Prevalence of PKX and degree of )
associated inflaﬁmation aré dependent on the
immunocompetence of the host which is affected‘By several
factors, especially in parasitic infections (Woo, 1987).

Interstitial hypérpiasia qharacteristic of PKD (Kent
and Hedrick, 1986; Clifton-Hadley et al., 1987) Was.
observed in fish injeqted with PKX beginning three weeks PI
and extending through ten weeks PI.' This response can be
compared to bone marrow hyéerplasia seen in many infectious

diseases of man. Fish sampled at five weeks PI exhibited a
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marked cellular response and by seven weeks PI chronic
‘inflammation was evident. The increase in plasma cells
observed seven weeks PI was indicative of a humoral |
response to PKX. Replacement of epithelioid tissue with
normal hemopoietic tissue at ten weeks PI may.be indicative
of‘recovery not inflammation, since PKX was found mostly in
granulomatous 1e§ions. Thrombocytes, believed to be the
equivalent of haﬁmalian platelets are probably part of the
healing process jEllis 1981). Fibrosis, typiéal of
resolution of an ihflammatory lesion, was seen only to a
minor degree during later staées of the disease.

- .The sequential pathologic changes of PkD observed in
this study were similaf to that reported by Clifton-Hadley
(198ﬁ). However; fusiform hemosiderin crystals éssociated
with intravascular lesions and nodules of chronic
inflammation were not observed during the study.

Glomerular sclerosis as described by Ferguson and Needham
(1973) was-nqt observed to any degree during‘the study.
Rafferty (1986) reported marked melénomacrophage-
proliferatiqn during early stages of experimentally induced
PKD and suggested melanomacrophages were involved in
processing PKX antigens.to stimulate the immune response.
This phenomenon was not ébserved during this study.
Clifton-Hadley (1987) found granules of melanin throughout

reactive tissue but few melanomacrophages, similar to the
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' _findings in this study. Melanin is a pigment known for its
ability to absorb free radicals and cations and render them
inactive. However, melanin also has bactericidal
properties and has been associated with lipid peroxidative
tissue damage‘(Edelstein, 1971; Roberts, 1975). Poésibiy,
melanin is mobilized to neutralize free radical and ca£ion
activity ‘and explains whyhthe pigment has been commonly
obsgfved in. sites of infection (Agius, 1985).

Evidence from this study indicates that macrophages
are the predoﬁinént host cell type associated with PKX
thrqughouf the disease. This is not'surprising since the
macrophage is the most important cell type in host defense
against invasion by'infectious or noninfectious foreign
material (Corbel, 19755. Fish macrophages remove debris,
may destroy intracellular microorganisms, may uptake and
process antigen, may kill antigen deviaﬁt cells,'and may
actively secrete various substances (Agius, 1985). Little
is known about the factors that affect the phagocytic
response of macrophages in fish. It has been suggested
that their role is more primitive and restricted’than that
seen in mamﬁals (Ellis, 1981). 1In this study, PKX was not
eliminated until twenty weeks PI even though‘macrophages
were found closely adhered to the cell surfacé of most
parasites at fivé weeks PI.. PKX may delay destruction by

prolonging the killing mechanisms of the macfophages,
\ R
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 possibly by producing a substance that prevents fusion of
lysosmes or inhibits the production of a suffiéient-number
~of lysosomes.

Melanbmacrbphagés were the predominént cell type found
.in kidney saméles from fiéﬁ injectéd with clay. Howevér,
the clay particles that gained access to the circﬁlééion
were phagocytosed p;imarily By macrophages in the
hemépdietic tissue in kidney. Perhaps these macrobhages
lafef became melaﬁomaérophages.. Melanogenesis is poorly
undersfood in me;anqmacrophaggs. 'It is not known if
=melaniﬁAis phagocytosed or‘manufactured in these'éells.

" Normally, melgnomacréphageé accumulate steaaily with
age and kianeys of slder fish méy containxlarge numbers,
tbut‘this process is'often accelerated in the‘course of some
diseases‘(Agius, 1985). Melanonmacrophages contain melanin
that is differen£ thén that fopnd in melanocytes of the
dermis and has been associated'witﬁ various pathological
conditions (Roberts, 1975). Melanémacrophage centers are .
thought to:répresént primitive analogues of germinal
centers found in birds and_man (Roberts, 1975). All
teleosts, except salmdnids; have distinct melanoﬁacréphage
centers -which are considered to be an integral part df the
retiéuloendothelial system (Roberts, 1975). Inert
particles such as'carboh are kﬁown to be phagocytosed by

macrophages that aggregate within melanomacrophage centers
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(Agius, 1985). It has been suggested that
melanomacrophages are sensiéive indicators of gtressful
conditions and are useful as health monitors (Wolke et al.,
1985).

The PMN fésponse to infeqtion is not as important in
fish as it 1is in mammalS‘(¢0rbel 1975). PMNs were
scattered throughout kidney interstitium during the study,
but never constituted a major portion of the lesion. Many
authors (Sakai,'19§4;’Suzuki,1986) h;ve reported that fish
neutrophils are phagocytic. CliftonFHédiey (1987) foupd
what he believed to be neutrophiis surrounding PKX. In this
study neutfophilé weré not phagocytic nor were they found
associated with‘PKX. The precise réle of the neutrophil and
_melaﬁin pigment are poorly understood in fish diseases
(Ellis, 1981). |

This study hés demonstrated an effective cellular
response, dominated b& macfpphages, against infectious and
non-infectious foreign maté;iai. The inflammatory response
in fish is considefably»sldﬁer than that seen in higher
vertebrates, but reéene;ative capacity is high in fish
(Ellis, 1981). Resolution of intersfitiél'inflammation was
observed without fibrosisAin both expgfimental groups by
twenty weeks'Pi. Small localized areas of'chronic
inflammation were still evident but tubular and hemopoiétic

density were normal.
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There are presently many gaps in understanding the
fish immunevsystem (Woo, 1987). There is general confusion
over the cellular components of‘the defense sfstem in fish
because mammalian hemétological terms have been applied
without evidence that functional similarities exist. 1In
similarity to mammals there is production of specific
immunoglobulin, and phagocytic and cytotoxic cells. '
Distinctly differeﬁt, however; are reduced and structural
differences in immunoglobulin classes and the absence of
lymph nodes (Ellis 1981). The teleost kidney executes
functions that are attribufable to mammalian lymph nodes
and bone marrow.

Interspecies discrepancies of ultrastructural features
in leukocytes were éncountered in this study. Rainbow
trout cells most often resembled those described in channel
catfish. However, neutrophils seen in this study had
segmented or multilobed nuclei. Hemopoietic cell types in
fish are still far from being adequately charactertized,
particularly the immature forms. Differences in
hemopoietic cells among spéciés, especially those of
different water temperature regimes and environmental

conditions, need to be investigated.
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