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ABSTRACT

The toxic effects of awsonia on the gill structure of

couon carp, Cvprinus carpio L.. and rainbow trout Sflld
gairdneri B., were investigated by both 1light nicroscopic
histological studies, scanning and transnission electron

microscopical studies. Experimental procedures adopted included
the use of standard dilution water under constant temperature
conditions and commonly used buffers to stabilize the pH, while
additional experiments were also conducted in non buffered
dilution water.

The common pathological changes noted for both carp and
trout included severe chloride cell proliferation, excessive
mucous secretions and an infiltration of large numbers of
eosinophilic granular cells into the gill epithelia. Prolonged
exposure to high concentrations of ammonia resulted in
progressive necrosis of chloride, mucous,and eosinophilic
granular cells. Apoptotic changes indicative of cell death in
the gill epithelium included the appearance of condensed darkened
cells,and cells with nuclear changes such as pyknosis and
karyorrhexis. Dilation of mitochondria, loss of mitochondrial
matrix, and appearance of dark inclusions were particularly noted
in the carp gill chloride cells. Damage to the mucous cells
consisted of premature occlusion of the mucous vesicles and
flocculation of the mucous material within the mucous cells,
resulting in progressive vacuolations, necrosis and thus a
reduction in the stainable population of mucous cells.

However, specific lesion types varied between the carp

and trout.



Carp gills developed »assive hyperplastic and
hypertrophic lesions comprising of grossly swollen gill
epithelial and infiltration cells under buffered experimental
conditions,while such lesions were not only less extensive in
non buffered experimental conditions but the tissue changes were
dominated by the loosening and sloughing of the gill epithelium.
Discrepancies in the histological alterations were however
evident as a consequence of the presence of buffers and hence
the very validity of the recommendation and use of buffer
chemicals in toxicity testing was questioned.

In the case of trout no hyperplastic lesions such
as those seen in carp were not seen but an increased inter and
intra cellular oedema was characteristic. Under normal water
hardness conditions trout gills apparently showed no variations
due to the presence of different buffers or in the non-buffered
water conditions.But under high hardness conditions and in the
presence of buffer, the gill, lesions were more extensive and
necrotic.

The results suggest that while ammonia brings about
necrotic changes in the gill tissues of both, carp and trout, the
lesions arc more necrotic in carp than in trout.These results
also indicate that the indiscriminate use of buffers and
variations in the water quality conditions might have been the
cause of wide variations in the reported toxicity values of
ammonia to fish iIn addition to the reported differences in
pat™hology in the available published literature.

The recent reports of a small number of workers that
ammonia per ae does not cause any pathology is not supported by

the present investigations.






In intensive aquaculture facilities and hatchery systems
external irritants have been considered as the most frequent
causes of sign Ificntit gill pathological changes. The gills are
among the most delicate structures of the teleost body,and
their vulnerability and liability to damage due to external
irritants is thus greater due to the fact that they are in
compulsory contact with the surrounding medium (Roberts,
1978) .The disease syndromes associated with the gills are often
described as of complex aetiology and it is very often
difficult to attribute a specific lesion to a particular
irritant or a specific group of irritant chemicals as being
responsible for a definite and characteristic reaction.
According to Roberts (1978), ‘'because of its relative
simplicity of structure only a limited number of reactions can
be manifested by the diseased gills". Moreover,effects that may
be of chemical or irritant origin could very soon be obscured

by stress provoked infections with facultative pathogens.

The accumulations of nitrogenous excretory products have long
been considered s the major causes of functional or structural
disorders in fish cultivation, and this has been particularly
attributed to ammoniacal gill excretion, especially under over
crowded conditions (Post, 1983).Thus the toxicity of ammonia
on Tfish, and in particular its effects on gills® has been
extensively studied. However, such studies have been more
common in salmonids than in cyprinids or any other ' coarse"

fish.



From the available literature it is also clearly established
that under given environmental conditions the amount of ammonia
required to produce a lethal effect can vary to a great extent
from a more sensitive fish to a more tolerant fish* Thusi for
example, the amount of unionized ammonia expressed in terms of
LC50 values for a more resistant species such as carp is
several hundred percent higher than that required for a less
tolerant fish such as rainbow trout to produce the same
effect.However the mechanisms involved in such varied tolerance

capabilities remain poorly understood.

While the earlier literature (Burrows, 1964) pointed out that
ammonia at a concentration as low as 0.006 mgl'™ as unionised
ammonia (UIA) was sufficient to cause severe gill hyperplasia
in a salmonid fish, later works have disagreed with such a view
(Bullock, 1972; Smart, 1976). Further recent studies (Mitchell
and Cech, 1983; Daoust and Ferguson, 1984) involving the more
resistant channel catfish and more susceptible rainbow trout
at increased sub lethal levels of ammonia failed to relate any
kind of lesions to ammonia. Based on the experimental results
involving the exposure of rainbow trout to 0.4 mgl ~UIA for 80
days Daoust and Ferguson (1984) declared that ammonia per* se
does not cause any gill changes. Subsequent studies (Thurston
et ai. ,1984; Klontz etal. ,1985) have further provided evidence
for severe gill lesions in trout involving a variety of types

of lesion.



Most of the studies describing normal gill structural features
at both the light microscopical and ultrastructural levels, and
much of the information on the pathology of the gill tissues
attributable to ammonia in general, comes from experimental
investigations on more sensitive salmonid fishes. There is
little information available both on the normal gill structural
features and on the toxic effects of ammonia on fish such as

carp.

Much of the histopathology associated with ammonia toxicity is
based on light microscopical investigations and the lesions
most often described are hyperplasia, hypertrophy and
telangiectasis. In spite of consistent and repetitive reporting
of gill hyperplasia and hypertrophy the specific cell types
involved iIn these two distinctively different reactions have
not been specified or differentiated.Little advantage has been
taken of the high resolution capabilities of either scanning
or transmission electron microscopy for examining the affected
branchial epithelium, or any particular branchial cells

involved in the pathological processes.

In spite of the obvious differences in the tolerance
capabilities of different Ffish species to ammonia, no
comparative studies seem to have been undertaken to relate the
structural features of these two groups of fish under identical
or uniform water quality conditions, prior to and after the
experimental ammonia exposure. Water quality parameters other
than ammonia, pH and temperature are often not taken into

account, and the use of a wide variety of dilution waters in



a wide variety of experiments involving different fish species,
has made comparison of individual studies involving different

fish species difficult.

Although many of the ammonia toxicity studies have used buffers
extensively to regulate the pH, there is no uniformity in
either the chemical substances used or the concentrations
adopted in individual experiments, apart from variations in

parameters such as hardness or alkalinity.

In the light of these aforementioned disparities, the present
investigation was designed to verify the possible occurrence
of any gill lesions, and if so, to provide a comparison as to
how these lesions differed in two selected phylogenetically
different fish species of utmost commercial importance with

different ammonia tolerance capabilities.

It was also intended to examine the gills under the electron
microscope wherever appropriate to elucidate in more detail the
lesions when present. Since the water quality, pH and
temperature are the important determining factors in ammonia
toxicity studies, recommended standard dilution water and
buffers that have been used by other workers were adopted to

provide uniform and stable water quality conditions.

Common carp, Cvprinus carpio.L. and rainbow trout Salino

gai rdneri.R. were used as experimental



CHAPTER 2
» opuTiru OF LITERATURE OF THE SOURCES OF AMMONIA IN NATURAL
WATERS 1?S SYNTHESIS and EXCRETION IN FISH. DYNAMICS IN
AQUATIC AND BIOLOGICAL FLUIDS, METHODS OF MEASUREMENT AND ITS

TOXICITY TO FISH



Ammonia is widely recognised as one of the most common pol-
lutants present in aquatic environments (Lloyd and Orr,1969);
USEPA, (1985 ) It is present in most natural waters as a
biological degradation product of proteins. Decomposition of
bottom sediments , organic constituents in the mud, decaying
algae and aquatic vegetation following seasonal blooms are the
other biological Tfactors that increase the ammonia content of
natural waters. However, the concentration of these sources
may be small and subsequent conversion to nitrate through
nitrification may take place (Alabaster and Lloyd, 1980)

rendering their concentrations so low as to be of no significant

danger in open natural waters.

High concentrations of ammonia are often associated with human

sources and of these, the municipal or sewage effluents are

the most common. Other important sources of ammonia pollution

are industrial effluents such as from coke and fertilizer
manufacturing, energy development processes such as oil shale
retorting, coal gasification and coal liquification (Thurston

and Russo, 1983). Other frequent sources of ammonia are

agricultural inputs and effluents such as feed |lots,

fertilizers, silage and manures (Alabaster and Lloyd, 1980).

Ammonia has been identified as one of the most common

pollutants occurring in both British and European polluted

inland waters along with copper, zinc, phenol,and cyanide

(Brown, Shurben, and Shaw, 1970; Holden and Lloyd, 1972).

Ammonia and ammonium salts have also been used in fish pond

fertilization, aquatic weed control (Alabaster and Lloyd, 1980),

and in the eradication of undesirable fishes from culture ponds



(Subramanian, 1983), although the use of ammonia in the

treatment of fish for ectoparasites has been abandoned largely

due to its toxicity { Kabata, 1985).

In intensive fish farming, apart from the water source, the

fish themselves are a major source of ammonia, as ammonia forms

one of the chief end products of protein metabolism
aquatic

in all
invertebrates and teleosts.Ammonia comprises as much

as 60 to 90 percent of the total nitrogen excreted by Tfish

(Smith,1929; Wood, 1958; Fromm, 1963 ). According to Vellas

Clos(1973),as much as 93.9X of the total nitrogen is excreted

as ammonia in the carp, (Cyprinns carpio).

The amount of ammonia excreted by fish has been found to be

proportional to the Tfeeding rate and thus a doubling of the

feed given to fish will roughly double the ammonia produced,

as has been demonstrated by Tucker etal.(1979), in the case of

channel catfish. Fischer (1977) has also shown the quantity of

ammonia excreted by cyprinids to be directly proportional to

the feeding rate. Very recently, Kaushik (1980) has demonstrated

that an increase in the feeding rate from one meal to satiation

to two meals to satiation per day resulted in almost a doubling

in the rate of excretion of ammonia amounting to an
from 325 rag NHj-N/kg body weight/day
weight/day respectively.

increase
to 581 mg NHj-N/kg body

It was shown that about 30-35 percent

of the total nitrogen consumed was lost through ammonia as

metabolic waste. Similar ammonia production rates were also

noted in the case of rainbow trout, Salmg Kfiixdn”™. and the
nitrogen loss as ammonia and urea accounted for between 48 and
52X of nitrogen consumed under different Tfeeding conditions

(Kaushik, 1980).



Under intensive fish rearing conditions a maximum total ammonia

excretion rate of 700 mg NHj-N/kg Fish/day was reported for
rainbow trout held at 10°C (Smart, 1981), Thus, it seems
reasonable to expect considerably higher ammonia concentrations
in intensive fish farming conditions fed at high rates, than
those at moderate conditions of feeding. If accumulated, such
metabolically produced ammonia might have severe adverse effects
on fish.Additionally, depending on the Tfeeding rates varying
amounts of nitrogen may also reach the water as uneaten or
undigested feed and in Tfish faeces. The nitrogen in these
substances is probably mineralized fairly rapidly (Tucker, 1985)
releasing ammonia into the water.Depending on the location of
the fish farm, source of water, and the type of farming
involved, some or all of these sources of ammonia may contribute
to its toxicity and hence be important to the fish Tarming

industry as well as for natural fisheries.
SOURCES AND SYNTHESIS OF AMMONIA IN FISH

The major sources of tissue ammonia are from transdeamination
that may particularly occur in liver, kidney and muscle, and
the AMP deaminase cycle occurring particularly in muscle. The
relative importance probably depends on the physiological and
nutritional state of the animal, with transdeamination becoming
important when amino acids break down, and are used as the main
source of energy for general metabolic processes, except in
muscle where aspartate aminotransferase and AMP cycle may be
the major route of amino acid utilization (Watts and Watts

1974) .



As proteins within all organisms are in a constant state of
turnover, either continually being synthesized or degraded,
various fishes have adopted two main pathways of nitrogen
elimination lending to the production of nminonin on one Imtid
and the synthesis of urea on the other. One ultimate source of
nitrogen in both these cases is presumed to be tl>e amide and
amine groups of amino acids (Forster and Goldstein 19G9).
Thus the major route of ammonia formation is by the process of
deamination of amino acids via the system of transamination.
This pathway couples the transamination of various L-amino acids
with Q-ketoglutarate to fo.-m L-glutamate which is subsequently
deaminated by L-glutamate dehydrogenase (Forster and Goldstein

1969; Watts and Watts 1974).

Smith (1929) suggested that branchially secreted ammonia was
derived by diffusion directly from blood ammonia preformed in
other tissues of the body and delivered as such to the gills.
Observations made in the carp, Cvprinus carpio L., by measuring
the ammonia levels of the afferent and efferent biancliial blood
led Pequin (1962) to conclude that all the ammonia excreted at
the gills was extracted from blood and that ammonia was not
produced in the gill itself. In their later studies (Fequin and
Serfaty, 1963), analysis of ammonia in blood returning to tlie
heart via the various main veins suggested that the liver
contributed two tlrirds of blood ammonia and the [liidney

approximately one third of the total.

Evaluating the relative importance of branchial extraction of
preformed ammonia oir the one hand and its formation d& novo at
the gills on the other hand Goldstein etal.,(1964 ), found that

in the marine teleost Mvoxocephalus scorpius. only 60% of tlie



excreted ammonia was accountable for as preformed ammonia in
the blood and that the remaining 40X appeared to come from the

enzymatic extraction of a—-amino acids“N at the gills*

Although glutaminase is found in the gill tissue,the lack of a
net extraction of glutamine from plasma passing through the
gills indicates that unlike in the mammalian kidney glutamine
doesnot play a role in ammonia formation by gills (Forster and

Goldstein,19G9 ).

However, recent work by Payan and Matty (1975) has estimated
the contribution of gills to the branchially excreted ammonia
at 20X, whereas Cameron and Heisler (1983), have estimated 5-
8X as the contribution by the gill metabolism to the net

excretion of ammonia.

Makarewicz and Zydowo (1962) have suggested a possible pathway
of amino acid deamination involving AMP deamination. In the
branchial tissues of several teleost fish and in carp they found
a much higher activity of adenosine monophosphate aminohydrolase
than that of glutamine and it was suggested that AMP deaminase
could be regarded as an important enzyme of nitrogen metabolism.
This pathway involves amination of inosine monophospliate, by
aspartate and then subsequent deamination of the product,
adenosine monophosphate by AMP-deaminase (Forster and Goldstein

1969; Watts and Watts 1974).

Ammonia is also produced by the deamination of adenylates in
fish muscle (Driedzic and Hochachka 1976) and gill tissue (Payan
1978). * However, the quantitative importance of muscle

aminogenesis seems to depend upon the activity of the fish and



the environmental situations ( Randall and Wright 1987).

Forster and Goldstein (1969), have also indicated that the
relative importance of the sources of blood ammonia probably

varies between species and the physiological or environmental

status of the fish.
AMMONIA EXCRETION IN FISH

Three basic strategies have been developed by various members
of the animal Icingdom to excrete ammonia. Most aquatic animals
and the teleost Tfish excrete ammonia directly into their
plentiful aquatic environment and are called ammoniotelic
animals. However the non aquatic terrestrial animals have
developed nitrogen excretion mechanisms that involve the
formation of more complex nitrogen compounds such as urea
(ureotelic animals) and uric acid (urecotelic animals).In
teleost Tfish, nitrogen is excreted mainly in the form of
ammonia, and the gills are the major site of ammonia excretion
(Smith 1929). According to Maetz (1972) 98X of the ammonia
excreted is eliminated through gills and only minor quantities

may be eliminated by the kidneys.

Three possible mechanisms of ammonia excretion have been

proposed in fish (Randall and Wright 1987) and they include;

a. passive ammonia flux
b. ionic exchange of NH4* for Na*
C. passive N¥#*
Of these, the most significant branchial ammonia excretion

mechanism seems to be that of passive diffusion of NHj.

10



Since the early works of Jacobs (1940) demonstrating the
movement of weak acids and bases across the cell membranes, it
has been assumed that ammonia diffuses out passively and freely
across the biological membranes, mainly in its neutral,
nonionized lipid soluble form down the ammonia gradient. Changes
in the NH3 partial pressure gradient have also been positively
correlated with changes in net ammonium excretion in fresh water

catfish (Kormanik and Cameron, 1981) andin rainbow trout

(Cameron and Heisler, 1983).

The existence of an ammonium ion (NH™) exchange mechanism

in fish strongly coupled with the movement of other ions has
been known for a long time. The early studies of Korgh (1939)
suggested that the branchial excretion of ammonia was linked

to cation absorption in fresh water Tfish. Later, several

investigators have examined the details of this exchange
mechanism and strong evidence has beenprovided for the
existence of an exchange mechanism in gills of fisli involving

Na* uptake and NH«” excretion (Maetz and Garcia-Romeu, 19C4;

Payan, 1978; Evans, 1980).

Discussing the alternative pathways of ammonia excretion under
high ambient ammonia concentration where the excretion of
ammonia along the ammonia concentration gradient fails, Colt
and Armstrong (1981) suggested the involvement of this active
monovalent cation-exchange transport system involving Na* and
NH4*  for the excretion of ammonia. This system of ammonia
excretion has also been described in rainbow trout by Cameron
and Heisler (1983), and it seems to be important in minimizing
the effect of influxing Nil, from the external environment, by
unloading it in exchange for Na*, against the gradient and into

1



the environment (Tucker, 1985).

Another possibility of ammonia excretion by way of passive
movement of (ammonium idon) NH™ down its electrochemical
gradient, has been indicated ( Caliborne, Evans,and
Goldstein,1982 ; Goldstein, Caliborne and Evans,1982). Because
NH4* can pass through the lipid cell membrane only to a limited
extent and the respiratory epithelial cells of fresh water
fishes are Joined by tight Junctions it appears unlikely that
an N4* diffusion system is of any quantitative importance
(Kormanik and Cameron 1981; Randall and Wright 1987). Therefore
this system may be only of minor significance.Stewart (1984)
has suggested the involvement of Na-K activated ATPase in this
method of excretion in the case of rainbow trout Salmo gairdneri

under sublethal ammonia toxicity.

CHEMICAL NATURE OF AMMONIA

Ammonia belongs to a class of substances called weak acids or
bases, sometimes referred to as weak electrolytes. Weak
electrolytes exist in part as undissociated molecules. In all
cases the extent to which they are ionized is dependent upon
pH and temperature that determines the dissociation constant

of these substances.

Ammonia is extremely soluble in water and aqueous solutions
and exists in both unionized (\Hj) and ionized forms, as

described by the reaction:

NHj & HjO === NH 4~ ¢ (H—



Unionized ammonia is a weak base and depending on the acidity
of the aqueous solution binds a hydrogen ion (H) to form an
ammonium ion (\H4*). Conversely the ammonium ion is a weak acid,
which depending on the alkalinity of the medium dissociates a

hydrogen ion to form the base, ammonia (NHj) [IVisek, 19C8).

The ammonia reaction rate in water is extremely rapid with
interconversion of NH4* to NHj having a half time of less than
50 mSec (Stumm and Morgan, 1981). The dissociation equilibrium
of ammonia in aqueous solution (ie. the relative concentrations
of the two forms of ammonia) is highly dependent upon pH, to a
lesser extent upon temperature and ionic strength (Emerson,

Russo, Lund and Thurston, 1975).

For instance, an increase in the pH value of 0.3 units from 7.0
to 7.3 would double the concentration of unionized ammonia (NHj)
in an ammonia solution due to a shift in the equilibrium towards
the NH3 species, altliough this effect becomes less above pH 0.5

(Alabaster and Lloyd,1980).

The relative concentrations of the two forms of ammonia is also

dependent upon temperature, as described by the Tollowing

expression from Emerson eta]. (1975) for temperature dependence

of the dissociation constant:
Pka = 0.09018 + 2729.92 (273.2+T)
where T is the temperature in degrees centigrade (ie.°C).

Thus, a rise in temperature of i0°C doubles t»e concentration

of unionized ammonia (NH3) present in an ammonia solution over

13



the temperature range of 0-30»C. The influence of ionic strength

on the other hand 1is such that it results in a decrease in the

NH, concentration as the ionic strength increases in hard water

and dilute saline water.

In most natural fresh water systems containing even up to 200-

300 mgl-“ dissolved solids, the reduction in percent unionized

ammonia attributable to dissolved solids is negligible (Emerson

etal .1975). However, according to Alabaster and Lloyd (1980),

with 1increasing ionic strength the proportion of unionized

ammonia decreases over that in distilled water, being about 10%

in water having a hardness of about 250 mgl"", expressed as

calcium carbonate and about 25% in sea water.

Weak acids and bases diffuse across biological membranes in

their lipid soluble nonionized forms, which accounts for their

ready movement in and out of all cells,

(Jacobs 1940).

plants and animals alike
Similarly the nonionized free ammonia by virtue
of its lipid solubility and lack of charge is capable of readily-

diffusing across the cell membranes, apparently re.piiring no

active transport. Whereas the ammonium ion which is larger

(molecular weight of NHj = 17, molecular weight of NH/ =18),

hydrated and charged, has very low lipid solubility and cannot

readily pass through the charge-lined micropores of tie

hydrophobic cell membrane components (Jacobs, 1940; Pitts, 19G4;
Visek, 1968).

Based on experiments conducted in higher animals it l.as been

found that ammonia (NHj) is much more soluble tl.an CUj in water

and lipid, and 1is considerably more soluble it plasma tla

water, probably because of its lipophilicity. It has also been

14



estimated from rapid mixing experiments that ammonia
concentrations approach equilibrium across the red blood cell
membrane in approximately 100mS and tlie ammonia diffuses
significantly less well across the blood brain barrier (for
references see Cooper and Plum, 1987). From the available
information on fish it is also been known that ammonia is
slightly more soluble in fish plasma than in water (Cameron and
Heisler, 1983). Studies by Ogata and Arai(1985), have shown
that the ammonia concentrations in the erythrocytes of four
different fresh water fishes were always liigher than Lliose in

the plasma.
METHODS OF AMMONIA DETERMINATION

Ammonia in water always exists in 1its unionized (\Hj) and
ionized (\H4*) states and this dissociation of ammonia in water
is particularly dependent upon pH and temperature. Since it is
unionized ammonia that is considered to be toxic and hence more
important to fish, the present trend in ammonia toxicology is
to express the ammonia levels in terms of its toxic component,
unionized ammonia. Although there are no methods developed so
far to measure unionized ammonia directly (Thruston, Russo and
Smith 1979), more refined ways of calculating the unionized
ammonia levels from the measured total ammonia value based on
its dissociation chemistry at known pH and temperature values

have been made available (Trussel, 1972; Emerson etal, 1975).

For the measurement of total ammonia several metiiods liave been
developed both in fresh water and sea water. However, a large
number of methods have been adopted for the analysis of fresli

water ammonia, but the choice of a method depends on factors

15



such as the precision, reproducibility, interferences, and its
simplicity. The various methods that have been adopted fall

into three broad categories as follows.

Colorimetric techniques
Titrimetric/colorimetrie/ionising electrode methods
followed by distillation.

3. Ammonia ion sensing electrode method.

The ammonia 1ion sensing electrode method demands strict
temperature control of the sample and standards, apart from
requiring both to contain the same level of dissolved species
at the time of measurement. Constant stirring of the sample is
also necessary. Since the measurement depends on raising the
sample pH above 11 to convert all the ammonia (NH3ag + NH4) to
NHj (aq), a strict regulation of the diffusion time is necessary
for the measurements to avoid ammonia being Jlost from the
sample. Though this method has been recommended for in situ
ammonia measurements in field conditions (Stirling 1985) the

above said requirements may limit such a use for this metliod.

The distillation techniques not only require specialized
equipment for distillation, the methods are generally
unsatisfactory due the ©possible hydrolysis of organic
nitrogenous materials to ammonia (Harwood and Khun,1979).
Turbidity and substances such as ketones, amines and aldehydes

are also known to interfere with the results.

Direct Colorimetric methods are relatively simpler requiring a
minimum of apparatus. A suitable spectrometer or a simple filter

colorimeter can be used. This equipment being optically very
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efficient, the methods have the advantage of reproducibility.
Because of their simplicity and obvious advantages colorimetric
methods are often a choice over the distillation and ion sensing

electrode methods.

Of the +two colorimetric methods traditionally used, the
Nesslezaration method 1is sensitive to numerous variables and
is not suited for direct routine application (Harwood and Khun
1970). The method is not sufficiently sensitive for low levels
of ammonia and the results are less reproducible. The age of
the reagents also affects the sensitivity. On the other hand
the phenol hypochlorite method has been described as the most
sensitive method, and is best suited for routine analysis due
to its simplicity (Harwood & Khun, 1970). The analysis is highly
specific and neither urea, creatine or amino acids interfere

with the reaction.

In the present study therefore, for total ammonia (Ilj & NH™-
N) determination the phenol hypochlorite method of Scheiner
(1976) as outlined by Golterman et al., (1979) was adopted.
Although numerous variations to the phenol hypochlorite method
exist, (APHA, 1980; Harwood <t Khun, 1969; Mackereth, 1978), the
method basically consists of reacting a sample containing
ammonia with phenol and alkaline hypochlorite to give indophenol
blue. The presence of the catalyst sodium nitroprusside
intensifies the blue colour at room temperature. The colour
intensity 1is proportional to the ammonia content of the water

and is measured spectrophotometrically against a reagent blank.

In the present experiments the colour absorbance was measured

with icm light path glass cuvettes on a UNIKOV 810 double beam
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spectrophotometer equipped with digital display (Kontron Instru-
ments Ltd, U.K.). All absorbance measurements were made at
G35nm. At the time of each estimation a series of standards
were prepared and a standard curve was constructed and the

sample ammonia values were calculated, using a computerised

programme.

Unionized ammonia levels from the measured total ammonia were
calculated according to Emerson etal, 1975), with the use of

the following formulae, or from their tabulated PKa values.

Total ammonial mgl'”*)
Unionized aramonia(mgl’)=

1 + antilog (PKa - pH)

where PKa = (-log Ka) 1is the negative logarithm of the acid

dissociation constant of NH<* i1on which could be calculated

from the relationship
PKa = 0.09018 + 2729.92/T
Where, T is the Absolute temperature in K, and

K = (C + 273.16), C being the measured water temperature

in degree centigrade.

The pH and temperature values used iIn the unionized ammonia

calculations were the measured mean values from each treatment.
LOSS OF AMMONIA FROM WATER

Although various processes have been )<nomn to result in the
build up of ammonia both in natural waters and in culture

conditions, the processes by which ammonia can be lost from the
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water have been found to be limited.

Tucker (1985), while discussing the dynamics of ammonia in
catfish ponds, has stated that currently there is no practical

method to reduce either total ammonia or unionized ammonia

concentrations in large commercial channel catfish ponds, other
than the exchange of water; although the concentration of

unionized ammonia can be decreased temporarily by decreasing
the pH of the water by adding an acid forming substance whic(G

may only be practicable in a small scale.

Vamos and Tasnadi (1967) have recommended the use of CUSU4 to

reduce the ammonia levels in carp ponds and reported that the

resulting cupro ammonium compound is non toxic to fish. Herbert

and Van Dyke (1964) however, found that they cause joint

toxicity.

Apart from these limited ways of controlling ammonia in natural

water such as ponds and lakes, various other processes have

been found to be involved in the ammonia removal process from

water.
Three possible routes of ammonia loss have been known to operate

and are :

1. Losses due to nitrification, 2. Ammonia volatilization and

3. Biological assimilation by phytoplankton and blue green
algae.As ammonia is an intermediate substance of nitrogen

cycling in natural waters, it is oxidized to less toxic nitrates

by the process of nitrification.

Much of the ammonia lost in fish culture facilities, especially

those of recirculating systems with well established biofilters.
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be accounted for solely due to nitrification processes. However

such losses in other fish culture facilities and natural water

bodies may be less significant.

Nitrification is the process of biological oxidation of ammonia

to nitrite and nitrate by autotrophic bacteria in aerobic

conditions. Nitrosomonas SP and Nitr«?lI»actor are the principal

nitrifying bacteria in Tfish culture system (Spotte, 1970) as

indicated below.

NH** + OH- + 1.50, .PP + NOj- ¢ 2HjO

no, ¢ 0.5 0j Ildh.cor P, No.

Tucker (1985), based on his observations on the dynamics of

ammonia in catfish ponds, suggested that up to about 5/ of

nitrogen in the ponds was lost by the process of nitrification

and volatilization.

Under high pH conditions (pH = 9.0 and above) ammonia has been

found to volatize and escape into the environment. Murphy and

Brownlee (1981) have estimated the volatilization rates of

ammonia at 15-30pgl*Vhr during periods of high pH, high

ammonia, and strong breezes in shallow hypertrophic Canadian

lakes.

Aquatic plants, particularly phytoplankton and blue green algae
are known to extract ammonia fairly rapidly from water as a

nitrogen source accounting for considerable ammonia losses in

water (Murphy and Brownlee 1981a 1981b ; Weiler 1979).
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It has also been found in catfish ponds that the losses of
ammonia due to phytoplankton assimilation are considerable
(Tucker 1985), and it was suggested that this biological
assimilation process by phytoplankton, in combination with
volatilization processes, was responsible for the maintenance

of low total ammonia nitrogen values in catfish ponds.

The processes of volatilization and phytoplankton assimilation
may be of no importance in intensive hatchery rearing
conditions, where conditions such as high phytoplankton

densities and elevated pH values very uncommon.

| Gerking (1955), investigating the possibilities that ammonia
might volatilize under experimental conditions from well aerated
water, within a pH range of 7.39 to 8.91, and using NH4CI as a
source of ammonia, found no ammonia loss due to volatilization.

Similar results were noted by Sheehan and Lewis (1986).
TOXICITY OF AMMONIA TO FISH

The toxicity of ammonia to fish has been extensively-
investigated in the past 30 years. Detailed reviews on ammonia
toxicity to fish have been provided, (EIFAC, 1970; Alabaster
and Lloyd, 1980 ; Haywood, 1983 ; Meade, 1985 ) wherein various

aspects of ammonia toxicity are considered in detail.

The toxic action of ammonia to fish has been classically-
attributed to unionized ammonia ( Whurman and Wolker, 1948;
Downing and Merkens, 1955; Vamos and Tasnadi, 1967) and the
ionized ammonia is considered as non toxic or relatively less

toxic. Various environmental factors have been known to affect



the toxicity of ammonia in fish, such as pH, temperature, carbon
dioxide, dissolved oxygen, water hardness, alkalinity and
salinity. Apart from these, a few biological factors such as
previous acclimation of Tfish to ammonia, size and sex of the
fish have also been known to alter the toxicity of ammonia in
different fish species. Hence consideration of these factors

and their role in influencing ammonia toxicity are important.

Generally a reduction in the pH value of a solution results in
a shift in the NHJI/NH4* equilibrium towards the ammonium ion,
resulting in a reduction in the toxic unionized ammonia
fraction. On the other hand a rise in the pH value results in
an increase in the unionized ammonia concentration and decrease

in the ammonium ion concentration.

Thus the percent unionized ammonia of a solution depends upon
the pH of the solution as indicated by the relationship
100
% UIA =

1 antilog (PKa - pH)

In fact the experimental basis that unionized ammonia is toxic
and ionized ammonia is less toxic was based on the influence
of pH upon the NHj/NH«* equilibrium. Thus the experimental
observations on Tfish of Whurman, Zehender and Wolker (1947),
confirmed the earlier opinion that ammonia is more toxic 1in an
alkaline medium than in an acid medium. Further experimental
confirmation that the concentration of unionized ammonia and,
in turn, the toxicity of ammonia is dependent up on the pH
value, came from the observations of Downing and Meikens (1905).

Downing and Merkens reported that at pH 7.0 tlie concentration



of ammonium chloride required to give three different
concentrations of unionized ammonia were approximately 10 times

greater than those required at pH 8.0.

Howeveri more recent studies (Armstrong i Chippendale, Knight
and Colt, 1978; Thurston, Russo, and Vinogradov, 1981;

Goldstein, etal 1982; Sheehan and Lewis, 198C) have indicated

a more significant role pH in the toxicity of ammonia than

that of mere by controlling the NH3/NH4* equilibrium, indicating
a toxic action of NH4* or an increased susceptibility of Tfish

to ammonia under low pH.

It is argued that, if the unionized ammonia was solely
responsible for the toxic action on the given test fish, then
one would expect that the LC50 values in terms of unionized
ammonia would be reasonably constant for all test fish of a
single species, regardless of the pH of the solution and the
total ammonia concentration present. Such was not the case in
certain other studies (Thurston, Russo,and Vinogradov 1981,
Sheehan and Lewis 1986). The LC50 values obtained by Thurston
etal, (1981), for UIA were marltedly less at pH 0.5 than at pH
8.0 and pH 8.5. Therefore it was strongly suggested that the
toxicity of unionized ammonia over the pH range G.5 to 8.5,
which is considered as an acceptable range for fresh water
aquatic life, is constant in that the increased pH value doesnot
increase the toxicity of ammonia, and that N ion exerts a
toxic effect under low pH and I>igh ammonia
concentrations.Similar increase, in ammonia toxicity with
decreasing pH values have been demonstrated in channel catfish,

T. Dunctatus by Sheehan and Lewis (1986).



Colt and Armstrong (1981) suggested that at low pH, where almost
all the external ammonia present in water exists in its ionized
form (\H4*), the alternative ammonia excretion mechanism
involving Na* uptake and ammonium excretion is affected. This
therefore implicated an inhibition of Na* influx as the possible
significant contributing factor to the toxicity of ammonia at

low pH.

As indicated already, the toxicity of ammonia increases with
rising temperature owing to the increase in the proportion of
unionized ammonia within a given ammonia solution. A rise in
temperature of 10°C is known to double the concentration of UIA
present in a solution (Alabaster and Lloyd, 1980) and hence the
toxicity of ammonia to fish to a similar magnitude. However,
the temperature ranges beyond the optimal tolerance limits of
a Tish species, either low or high, may in itself exert some

detrimental effect iIn addition to ammonia.

Burrows (1964) in the case of Chinook salmon (0 .tsawytcha)
and Brown (19C8) in the case of rainbow trout have shown that
at very low temperatures unionized ammonia became more toxic

contrary to the normal trend.

Thurston and Russo (1983) found that temperature increase over
the range of 10 to 19°C reduced the toxicity of ammonia to
rainbow trout. Their results were in agreement with those of
The Ministry of Technology (1968) who reported that the toxicity
of NH3 to both juvenile and adult rainbow trout was much greater

at 5°C than at 18°C.

Although free carbon dioxide 1is not an important aquatic
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pollutant in natural waters (Lloyd and Shift, 197C), an increase
in the level of metabolic carbon dioxide offsets the toxicity
of ammonia, by decreasing the pH value of the water, until a
concentration of free carbon dioxide was reached which was

itself toxic to fish (Alabaster and Herbert, 1954).

Based on their later studies (Lloyd and Herbert, 19G0) proposed
that it was not the pH value of the bulk of the water which was
important in determining the toxicity of ammonia but the pH
value of the water at the gill surface. If the concentration
of the free carbon dioxide iIn the water is very low the amount
excreted by the fish will considerably reduce the pH value at
the gill surface, but the extent of this pH change will become
less as the level of free carbon dioxide rises in the bulk of

the water.

A reduction in the dissolved oxygen level of water usually
results in an increase in the toxicity of ammonia (Downing and
Merkens, 1955; Vamos and Tasnadi, 1967; Alabaster eta/., 1979,
Thurston et &., 1981), but in the case of fat head minnows
Pimephals nromelas. Thurston, Russo and Phillips (1983) did not
find any relationship between ammonia toxicity and dissolved
oxygen concentrations over the range of 3 to 9 mgl'"* dissolved
oxygen. This deviation in the results was attributed to a
possible species specific difference although, they did not
rule out possible causes due to experimental methods by some

earlier workers.

Variations in water hardness reportedly does not seem to have
any effect on the toxicity of ammonia to minnows and rainbow

trout (Whurman and Wolker, 1953; Herbert, 1961; both cited by

25



Alabaster and Lloyd 1980). However, Alabaster and Lloyd (1980)
themselves have indicated that the proportion of UIA decreases
with ionic strength; the decrease over that in distilled water
is about 10» in a water having a hardness of about 250 mgl**
UIA, expressed as calcium carbonate. However, Emerson et al.,
(1975), indicated that although there is a decrease in the NHj
concentration as the 1ionic strength increases in hard water,
in most natural water systems even up to 200-300 mgl*"“ dissolved
solids, the reduction in the percentage NHj attributable to

dissolved solids is negligible.

Dilute saline water seems to have a beneficial effect on the
toxicity of ammonia to salmonids. In rainbow trout it has been
shown that the toxicity of ammonia decreases with increasing
salinity up to 30» sea water (= 10.5 ppt) (a concentration
approximately isotonic with the fish blood), but above that
toxicity increases up to 100» sea water (=35 ppt) (Herbert and
Shruben, 1965). Sousa, Meade and Wollter (197-1) have also
similarly demonstrated, in chinoolc salmon (O._tshawytsha) that
fish could tolerate higher concentrations of ammonia at 12 ppt
salinity than they could at either 6 ppt salinity or in fresh

water.

Alkalinity of the water does not seem to have any effect on the
toxicity of ammonia, except that it may play a part in
determining the pH value of the water in conjunction with tlie

level of free carbon dioxide (Alabaster and Lloyd, 1980).

Prior acclimation of fish to sublethal levels of ammonia has
been known to increase their resistance to lethal concentration

in their subsequent exposure. This has been sliom in carp



(Vamos, 1963) and in trout (Lloyd and Orr, 1969; Schulze-
Wiehenbrauck, 1976; Thurston et al. 1983). Redner and Stickney
(1979), reported that tilapia (Tilapia aurea) exposed to
sublethal concentrations of unionized ammonia at 0.43-0.53 mg"
* for 35 days could tolerate as high as 3.4 mg™™ UIA without any
mortalities for 48 hours whereas, in the case of nonacclimated

fish the 48 hrs LC50 were only 2.40 mg™ UIA.

Rainbow trout and cutthroat trout subjected to Tfluctuating
concentrations of ammonia at levels below those of acutely toxic
concentrations were subsequently better able to witlistand
exposure to higher fluctuating concentrations than fish not

previously so acclimated.

Variations in relative susceptibility has also been demonstrated
to be dependent upon the age of the fish in several cases. Rice
and Stokes (1975) noted that the eggs and alevins of rainbow-
trout, before the yolk absorption stage, were about 50 times
more resistant to unionized ammonia than they were after the
yolk absorption stage and the adult stage. Similarly,
Reichenbach-Klinke (1967) found that the fry of rainbow trout
were more sensitive to ammonia than the larger trout. Calamari,
Marchetti and Vailati (1981), have shown that the developmental
stages of rainbow trout from eggs to hatching were more
resistant to unionized ammonia values of greater than 0.486 mgl*
*whereas the 70 day old fry were sensitive to only 0.160 mgl™*
UIA, but later at the fingerling stage became resistant to 0.440
mgl™* UIA. According to Thurston, Russo and PI>illips (1983) the
toxicity of ammonia to fat head minnows, Pimephales promelas was
not related either to size or source of the fish used in their

experiments.
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Hemens (19GG) reported a greater resistance of female moscjuito
fish, Gambusia affinis. to total ammonia poisoning tlian that
shown by the males of the species. However the size difference

had no apparent effect on susceptibility.

The toxicity of ammonia ,to Tfish is dose dependent and
accordingly it could be acutely toxic or subacutely or
chronically toxic. Acute toxicity is usually lethal and chronic
toxicity may be lethal or sublethal (Sprague, 1973). Excessively
high ammonia concentrations that are lethal and result in death
within a specified period of 24, 48 or 96 hours are referred to
as acutely toxic levels in general. Such acute toxic levels are
demonstrated by measuring the LC50°s ( lethal concentrations
required to kill 50X of tlie experimental fish) for comparative
purposes. While the broad physiological mechanism of toxic
ammonia effects are probably generally similar in most types of
fish, the actual toxic thresholds may vary quite widely in
different genera, particularly since there are marked
differences in nitrogen excretory metabolism and ammonia
detoxification in Crustacea, elasmobranc)is and teleosts
(Hampson,1976) . There is considerable variation between
different groups or genera of fish to such a magnitude that a
sublethal ammonia concentration of one Tfish species of a
particular group may constitute an acutely lethal dose to
another species of a different group. From the table 2.1 which
provides a comparitive account of the reported LCdO values
between the more sucecptiable and more resistant fish species

such a difference is more obviously indicated.
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Table 2.1.

to different fish species.

Species

Rainbow trout
Salao sairdneri

Cut-throat trout
Salno clarki

Coonon carp
Cvorinus caroio

Tilapia
Oreochroois
aerues

Fathead minnows
Piaenhales
nroaelas

Channel catfish
J ctalurus
Dunctatus

Size

409
(23-53)

9-12g

0.3g
24-43g
7-9cm
0.22-1.79
20-47g

7-13CB

Lethal concentration
of UIA mgl™

0.41
(48-h LC50)

0.8C-0.94
(9C-h LC50)

1.7
(9C-h LC50)

0.91-1.5C
(48-h LC50)

2.4
(48-h LC50)

1.52-2.83
(96-h LC50)

2.36
(16-h LC50)

1.30-1.82
(24-h LCS0)
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A conparison of the reported toxicity values of unionised (UIA)

Author

ball (1967)

“IliurHtoii A

Russo 1983

Thurston et at.
(1978)

Hasan A
Macintosh(1986)

babrowska A
Sikora (1986)

Redner A Stickney
Q979

Thurston et at
1983)

Robinette (1976)

TomasRO ct al
(1980)



The mechanism of ammonia toxicity is thought to be possibly by
"mass law" prevention or reversal of normal nitrogen metabolism
tcv that ist it is caused by high ammonia concentrations in the
blood resulting from prevention of excretion of ammonia, or
even its uptake from water at the surface membranes,

particularly at gills (Hampson,1976).

Like other higher animals acute lethal toxicity of ammonia to
fish has been known to cause increased ventilation, hyperexci-
tability, convulsions, and coma followed by death (Smart,1975;
Daoust and Ferguson 1984). Similar to higher animals such
changes are readily reversible and the fish can revive and
become normal if they are transferred to ammonia free water

before 95% of the average survival time in that particular

univtconized ammonia concentration has elapsed (Smart, 1975).

The exact mechanism as to how ammonia brings about death under
high concentrations has still not been wholly explained.
However, from the extensive works available on toxicity of
ammonia in higher animals it has been implicated that high
ammonia levels bring about changes in the energy metabolism of
the brain and structural changes in brain cells (Visek, 1968;

Walker and Schenker, 1970).

Cooper and Plum (1987) have extensively reviewed the literature
on the biochemicavl and physiological aspects of brain ammonia
and discussed various aspects of possible mechanisms of ammonia
neurotoxicity. Ammonia has been suggested to interfere in
various processes such as;

1.Electrophysiological properties of neural tissues.

2. Interfere with neurotransmitter function.
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3.Bring about morphological changes in astrocytes and neurons
4_Interfere into biochemical pathways such as carbohydrate.

5. Fat and protein metabolism in various tissues of the body.

6. Alter brain energy metabolism.

7. and Alter glycolysis and tricarboxylic acid cycles in brain.
Cooper and Plum (1987) summarized that the glutamine synthetase
of the astrocytes forms an enzymatic barrier that effectively
converts both cerebrospinal derived and blood derived ammonia
to glutamine under normal circumstances. Under high ammonia
situations the steady state ammonia levels are raised
proportionately, thereby saturating the "enzymatic detoxifier"
of the astrocytes and impeding the capacity of the brain to
protect itself against additional ammonia surges, thereby
contributing to neurological dysfunction. Excessive ammonia
interferes with brain energy metabolism possibly by inhibiting
discrete steps of the tricarboxylic acid cycle and in part by

interfering with the malate aspartate shuttle.

The acute toxicity of ammonia in Ffish is less well understood.
Early workers suggested that ammonia may impair gas oxchango
(Brokway 1950) and subsequent workers indicated severe gill

damage as the cause of death (Burrows, 19C4; Flis, 19G8a,1968b).

Smart (1975), investigating the possibility that acute ammonia
may bring about severe gill damage in rainbow trout found
relatively minor histopathological c)ianges (in acute toxic
studies lasting for 2 to 5.5 hours) compared to prolonged
sublethal experiments. Further studies by Smart (1975) indicated
that although a fall in dorsal aortic blood oxyge-n pressure was
noticed, the oxygen uptake by fish had been enhanced due to

hyper ventilation, and therefore he rejected the theory that the
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gill damage and reduced oxygen exchange was the primary cause
of the toxic action of ammonia. Based on his observations of the
fishes behaviour such as hyperexcitability, coma, convulsions,
hyperventilation and the fact that the ready reversibility of
these changes was very similar to those described in mammals.
Smart suggested that the acute toxic action of unionized ammonia
in fish could well be the same as in mammals. Smart (1975) also
noted a depletion in high energy phosphates such as adenosine
triphosphate (ATP) and phosphocreatine in the brains of rainbow

trout and indicated a possible impairment of cerebral energy

metabolism.

Arillo, Margiocco, Melodia, Mensi and Scheaone (1981) measured
various metabolites in rainbow trout, involved in the
neurochemical alterations typical of ammonia toxicity Icnown in
mammals and came to the conclusion that the toxic mechanism in
fish is similar to that found in other animals, and as reported

by Smart (1975) it affects the energy metabolism of brain.

Under high stoclcing densities typical of intensive fish culture,
sublethal ammonia levels have long been suspected of causing
reduced growth, damage to gills and other organs, and have been
identified as the predisposing factors of bacterial and

infectious diseases.

Several investigators have loolred at the effects of ammonia
under sublethal and extended lethal concentration levels. Apart
from mortalities and growth reductions, varying responses
ranging from behaviourial to biochemical, and physiological to

pathological changes have been proposed.

32



destruction of lanelXae and lamellar epithelium was extensive.
In rudd exposed to sublethal concentrations of ammonia at 0.10
mgl*™* UIA for 95 days, histopathological changes were seen only-

in the epidermis (Department of Environment,1971).

Smith and Piper (1975) exposed rainbow trout to chronic levels
of raetabolically produced ammonia for 12 months and reported
degenerative changes in the gills, livers and in the intestinal
mucosa. In fish exposed to low levels of ammonia between 0.013
to 0.025 mgl™ UIA, all tissues were relatively normal except
gills, which only exhibited mild hyperplasia, hypertrophy and
occasional lamellar fusion. However, in fish subjected to 0.033
mgl"" UIA, a reduction in the splenic Ilymphoid tissue, mild
necrosis of the intestinal mucosa, and total necrosis of liver
cells were noted.The gill tissues showed extensive lesions
consisting of severe hyperplasia of the gill epithelium,
extensive fusion of the Ilamellae, iIn addition to occasional
fusion of the filaments. Lamellar fusion was quite common at
the tip of the filaments and such lamellae were oedematous at
the bases. Examination of the oedematous tissue revealed the
presence of cellular degeneration and mild inflammatory-
response. In regions where severe hyperplasia was absent
hypertrophy of the gill epithelium was common. Blcod Tfilled
aneurysms were commonly seen, some of them containing liquified
blood in addition to inflammatory- and necrotic changes. Liver

cell necrosis was characterized by pyknosis.
Sousa, Meade and Wolke (1974) exposed chinook salmon fingerlings

to low (Ippm) and high (60ppm) total ammonia concentrations in

fresh water and increasing concentrations of sea water up to
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12ppt for a period of 20 days at pH C.5 and temperatures between
14-15<>C. Microscopical examination of the gills in both cases

did not reveal any pathological changes.

Robinette (197G) exposed channel catfish, Iglalurus punctatus,
to various sublethal levels of ammonia and noted a hyperplastic
reaction in gill tissue, and suggested that such damage to gill
surface would interfere with gill function in oxygen uptake and
this may be a contributing factor in growth reduction. Smart
(1976), investigating the effects of ammonia on trout gill
structure concluded that the gill damage resulting from exposure
to acutely lethal concentrations was relatively minor (note: his
acute lethal studies lasted for between 2 and 5.5 hours) and
thus unlikely to have been a primary cause of death, and
suggested an alternate mechanism. However, following a long
terra exposure of trout to ammonia, he found severe
histopathological changes in the gill structure and a higli
incidence of fungal disease. The histopathological changes noted
at sublethal ammonia exposure included thickening of tlie
lamellar epithelium and increased mucus secretion. Lamellar
telangiectasis described as haematomas were a characteristic
feature noted by this author, similar to those of Bullock (197".)
and Smith and Piper (1975). However, Smart (1976) did not
observe gill hyperplasia as noted by others. Redner and Stickney
(1979) noted capillary congestion, haemorrhaging and
telangiectasis in Tilaoia aurea exposed to both acutely lethal
ammonia concentrations for 24 _hrs and sublethal ammonia
concentrations for 15 days. In tlie cut throat, trout . . ;ialtro
clarkii. exposed to 0.34 mgl“ unionized ammonia for 29 days,
degenerative changes in the gills, kidney and liver tissues

were noticed by Thurston, Russo and Smith (1978). Gill changes
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included hypertrophy of the epithelium, necrosis of epithelial
cells and separation of the epithelium due to oedema. In the
kidneys mild hydropic degeneration was noted along with
accumulation of hyaline droplets in renal tubule epithelium.
These changes in the Kkidneys were interpreted as probably
related to an increase iIn the permeability of the fish tissues
to water and an increased urine output, and the hyaline droplets
due to reabsorption of excessive amounts of proteins from the

glomerular filtration.

In the developing stages of rainbow trout, from egg to larvae,
subjected to sublethal ammonia concentrations for 20 days,
Calamari, Marchetti and Vailati (1981), noted both macroscopic
and microscopic alterations. The macroscopic alterations
included structural malformations such as bending of the body
axis in spiral shapes and duplication of heads described as
"duplicitas anterior**, whereas the histological microscopical
observations included changes in the epidermal thickness and
an increase in the mucous cell numbers and size. The pronephros
showed vacuolation and contained accumulations of eosiriophilic
droplets, while the eyes and retinas were incompletely
developed. Changes in the nerve tissue and neuronal tube were
obviously evident from the excrescences found in the encephalon.
The frequency of the microscopical alterations were correlated
to ammonia concentrations above 0.025 mgl** UIA and 0.0G3 mgl *
UIA respectively,for epidermis and pronephros microscopical

malformations.

In milk fish, Chanos chanos. subjected to acutely lethal
concentrations of ammonia for 24, 18, 72 and 9C hours at 20.05

mgl"* total ammonia, Cruz and Enriquez (1982) found severe
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histological changes essentially similar in all cases. The
changes included epithelial hypertrophy Tfound all along the
length of the lamellae, mild lamellar and basilamellar
hyperplasia, along with epithelial lifting and telangiectasis.
Other changes such as vacuolation of the lamellae, increased
mitotic activity in the gill epithelium and vacuolations in the

blood cells were also noted.

Soderberg, McGee, Grizzle and Boyd (1984) and Soderberg (1985)
found varying gill lesions in rainbow trout and channel catfish
under pond rearing conditions with Ffluctuating ammonia
concentrations of 2.3 to 8.4 pgl* UIA over the season under
study (61 days period) and with a daily maximum fluctuation
range of 8.3 to 48.7 pgl“* UIA. Lesions found in the gills
included hyperplasia, oedema and telangiectasis and were
attributed to the fluctuating environmental ammonia, even though

the average exposure levels were low.

Klontz, Stewart and Eib (1985) reported severe alterations in
gill tissues of rainbow trout subjected to both constant and
intermittently exposed unionized ammonia concentrations for
prolonged periods of time. Lamellar hypertrophy was noticed in
fish constantly exposed to 0.03 mgl"™* UIA and in intermittently
exposed fish at 0.05 mgl*™™ UIA after 2 wee)cs later resulting
in the separation of lamellar epithelium termed by these authors
as epithelio capillary separation (ECS). These changes increased
in their frequency by weelc 4, and after weeks 8-12 up to 40% of
the lamellae at 0.03 mgl'™ UIA constant exposure and up to 70%
at 0.05 mgl"* UIA constant exposure exhibited ECS. In case of
fish intermittently exposed 0.05 mgl'™* UIA, 30% of Hlamellae

were affected by the end of 12 weeks, whereas the untreated fish
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exhibited no such changes. The pathological alterations were

highly correlated to high densities of the fisli and ammonia.

In one of the longest experiments conducted so far on rainbow
trout, extending for 5 years, and involving adult parental
rainbow trout and their FI and F2 generations under chronic
ammonia concentrations, Thurston, Russo, Luedtke, Smith,
Meyn ,Chakoumakos,Wang and Brown{1384) have further demonstrated
histopathological lesions in gills, kidneys, livers and in the
epidermis. These authors stated that the gill lesions found in
their study were typical of those found by other authors
(Burrows 1964; Flis 1968a,b; Smart 1975; Smith and Piper 1975)
and included histological changes such as hypertropliy of the
gill lamellae with accompanying basal hyperplasia, lamellar
epithelial separation, epithelial necrosis, aneurysms and mild
to moderate fusion of the lamellae. Tlic liisLopatliolog ical
changes were apparent in gills exposed to 0.013 to 0.073 mgl'™*
UIA for periods of 4, 7 and 11 months.

However, Thurston, Russo, Meyn, and Zajdel (1986) exposed
fathead minnows for a period of one year under chronic ammonia
levels of 0.07 to 0.96 mgl*™™ UIA, but did not find any gill
lesions. Similar results were reported by Smith (1984) in tlie
same Ffish species, instead extensive brain lesions were found.
These lesions appeared as swollen, darkened areas on several
fish heads at 0.21 mgl"™* UIA and higher. At 0.42 mgl™ UIA some
of these growths were so massive that they replaced tlie eyes

of the fish.

Recent experiments by Lang, Peters, Hoffmann and Meyer (1987),

have further noted the changes such as increased vontilation,
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increased mucous cells in the skin epidermis, and slight but
significant gill tissue proliferations (hyperplasia) in the
gill tissues of rainbow trout exposed to sublethal ammonia

concentrations of 0.025 mgl'™* UIA for 4 weeks.

Although the selected literature reviewed here on the toxicity
of ammonia to various fish tissues and organs indicates strongly
the deleterious effects of ammonia, in spite of the lesions
being inconsistently present, two of the Ilatest reports on

ammonia, toxicity have directly contradicted previous results.

Mitchell and Cech (1983) investigating the possibility that
ammonia causes characteristic gill hyperplasia in channel
catfish failed to confirm histologically that ammonia alone was
the direct cause of gill hyperplasia. Instead they implicated
low levels of residual chlorine compounds (monochloramines)
typically found in municipal water supplies and charcoal
filtered water, together with moderate ammonia levels, as the
actual cause of gill hyperplasia. In none of the ammonia exposed
fish (at 580 + 180 pgl"* UIA for 83 days) could they find any
sign of hyperplasia or any other gill damage and insisted that
the hyperplasia reported by Robinette (1976) in channel catfish
was due to residual chlorine compounds in combination with

ammonia.

In their recent investigation on rainbow trout, subjected to
unionized ammonia concentrations of 0.3 and 0.4 mgl"™* for 90
days Daoust and Ferguson (1984) found no gill lesions and hence
declared that ammonia perse does not cause any gill lesions in

rainbow trout.
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These reports have not only caused considerable concern as to
the exact role of ammonia at sublethal concentrations, but have
at the same time created a confusion as to the present
understanding of ammonia toxicity on gill pathology as
highlighted by Mallatt (1985) and Meade (1985). A detailed
analysis of the literature describing ammonia caused gill
lesions also indicates that no attempts have been made to
utilize the widely available scanning and election microscopical

techniques to study the effects of this pollutant on fish gills.

The present study was initiated with a view to investigate the
toxic effects of ammonia on the gills of two different fish
species, simultaneously utilizing scanning and transmission
electron microscopical techniques in conjunction with
histological methods. Attempts were also made to describe the
normal gill structure for common carp where gill structure has
not been a subject of either SEM or TEM study in the past, and
for the rainbow trout whose gill structure has been extensively
investigated, so as to provide comparative and more meaningful

information on the ammonia induced gill pathology.
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The methods and materials common to all the experiments are
presented in this general materials and methods chapter» where
as specific aspects of materials and methods applicable to

individual experiments are detailed in the appropriate chapters.

3.1. WATER QUALITY (Methods of Measurement of Physico-chemical
Parameters)

AMMONIA DETERMINATION

Total ammonia was determined by the phenolhypochlorite method
of Scheinet (1976) as outlined by Qolterman etal. (1979). Here
ammonia reacts with phenol and alkaline hypochlorite to give
indophenolblue. The blue colour is intensified by the use of a
sodium nitroprusside catalyst at room temperature. The colour
intensity, which 1is proportional to the amount of ammonia
present is measured photometrically as absorbence at 635 nm
against a reagent blank. A series of standards with known
concentrations of ammonia were prepared and a standard curve
was plotted. From this the sample ainmonia concentrations were
calculated. Occasionally ammonia concentrations were also
analysed simultaneously on a technicon-sampler IV autoanalyser
for the purpose of comparison of results with those obtained

by the manual method.

NITRITE

Nitrite-nitrogen (NOj-N) concentrations from the experimental
water samples were determined according to the method of
Mackereth eta). (1978). Nitrite reacts with sulphanilamide and
later with N-1-naphthylethylene diamine dihydrochloride to yield

a red Azo-dye which was determined spectrophotometrically at 540
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nmm. Alternatively nitrite was also analysed on the auto-

analyser.

NITRATE

Nitrate nitrogen (NOj-N )analysis was carried out on the auto-
analyser technicon-sampler IV. Here the nitrate is first reduced
to nitrite by the cadmium copper couple and then the resulting
nitrite is determined on the same principle as nitrite analysis

mentioned above.

pH (HYDROGEN 10N CONCENTRATION)

The pH measurements of the water samples were made with the
help of a Philips PW 9409 digital pH meter fitted with a glass
combination electrode. Prior to use, the pH meter was calibrat-

ed using pH 4.0 and pH 7.0 standard buffer solutions (BDH, UK.).

CONDUCTIVITY

Conductivity was measured with the help of a PHOX-52 conduc-

tivity meter and was expressed as pS Cm™*

DISSOLVED OXYGEN

Dissolved oxygen concentrations were measured with a CLANDON
YSI model 57 oxygen meter provided with an oxygen sensing

electrode and a mechanical stirrer.

TEMPERATURE
Water temperature measurements were made with a Gallenkamp glass

mercury thermometer.
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TOTAL HARDNESS

Total hardness was measured titrimetrically using standard EDTA
solution (Ethylene diamine tetraacetic acid). BDH volumetric
EDTA solutions and total hardness indicator tablets, and ammonia

buffer were used.
TOTAL ALKALINITY

Total al)calinity was determined according to the method of
Mackereth et al (1978). The method involves titration of the
water sample with standard hydrochloric acid to a pH of 4.5.
BDH 4.5 colour indicator was used to give a colour change at
this pH. Alternatively the pH was followed using a pH electrode

from a pH meter. Total alkalinity was expressed as meql““.

3.2. HISTOLOGICAL TECHNIQUES
TISSUE SAMPLES

All gill holobranchs except two from any one side of each fish
used in the experiments, were sampled for light microscopic
histological preparations. The operculum was removed and the
gill holobranchs were carefully dissected out with the help of
fine scissors and fine pointed forceps and fixed immediately
in the appropriate Tfixative solution. Other tissues such as
kidney, spleen, liver and pancreatic tissues were also sampled
for general light microscopic histological observations. No

dead fish were sampled for histological studies.

Since gills were the primary organs of study 1in the

histopathological investigations, they were always sampled first
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and as quickly as possible after the fish had been sacrificed.
Sampling gills first always resulted in immediate spilling of
blood over the gill tissues leading to large scale accumulations
of blood cells in the interlamellar and interfilamental areas
and sticking of blood cells onto the filamental and Hlamellar
epithelium. To avoid this problem fish tails were first severed
which allowed the blood to flow out before the gill was
dissected. This procedure greatly reduced the problem of blood
cell accumulations on the gill tissue enabling clearer
observation of the epithelial surfaces without any obscurity,

especially under scanning electron microscopy.

TISSUE FIXATION

All tissues for histological work were fixed in 10% phosphate
buffered formalin and left for at least one week before
processing. For comparative study, tissues were also

occasionally fixed in aqueous Bouin’s fluid.

TISSUE PROCESSING

All tissues to be processed were cassetted, labelled and
autoprocessed on a histokine (HISTOKINETTE 2000). This involved
passing of the tissues through different alcohol grades,
followed by absolute alcohol, chloroform and then impregnation
in molten wax. Tissues were blocked iIn suitably sized moulds
using molten wax and were cooled rapidly on a cold plate. A

detailed processing schedule is provided in appendix 2.



SECTIONING

Tissue blocks were trimmed to bring the tissues to the surface
of the block and whenever necessary surface décalcification was

carried out by treating the surfaces of the trimmed blocks in

a surface décalcifier (RDC-histolab). The blocks were then

washed, cooled on a cold plate and 3 to 5pm sections were cut

on a Leitz-wetzlar microtome using Richert-Jung disposable

microtome blades. Thin sections were floated on a water bath

maintained at 40»C and were collected on prewashed wet glass

slides. The slides were then marked and dried before they were

stained.
STAINING

For general observations all sections were stained with

haematoxylin and eosin. Special stains such as periodic-acid

and Schiffs (PAS), alcian blue (AB), and combined alcian blue-

PAS, were carried out as and when necessary to demonstrate

different components of the tissues. Procedures as outlined in
Carlton’s histological techniques (Drury and Wellington, 1980)

were Tollowed for the preparation of stains and staining

methods. Stained sections were mounted in synthetic mounting

medium (Pertex-histolab ). Staining schedules used for different

staining processes are detailed in appendix 3,4,5 and 6.
PHOTOMICROGRAPHY

The photomicrographs from the histological sections were taken

on Leitz-orthomat automatic photomicroscope. For all black and
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white photography Ilford Pan F-135 film was used, where as for

colour prints Kodak Ectachrone professional film was used.

3.3. ELECTRON MICROSCOPY
TISSUE FIXATION

Tissue fixation procedures followed were the same Tfor both
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). All gill samples (ie 1st and 2nd gill arches
from all the fish) were fixed immediately after their dissection
in ice cold 2.5X glutaraldehyde in 0.2M cacodylate buffer. After
2 hours fixation at 4°C the tissues were given two washes of 1
hour each in 0.2M buffer. Tissues were then post fixed in
cacodylate buffered IX osmium tetroxide for 2 hours at 4‘C and
washed twice in the same buffer before they were dehydrated in
70X alcohol. After two changes in 70X alcohol each group of
tissues was sub divided into two groups to be processed further
separately for SEM and TEM studies. Tissues were stored at this
stage in case further processing had to be delayed as

recommended (Hayat 1978).

SCANNING ELECTRON MICROSCOPY {SEM)

Gills to be processed for SEM were transferred to 70X acetone
from 70X alcohol and were further dehydrated in 2 changes of
100X acetone. Acetone here serves as an intermediate fluid while
taking the tissues to critical point drying using liquid carbon
dioxide as the transitional fluid. The gills were critical point
dried in a Polaron-E 300 critical point drier, mounted on
aluminum stubs using colloidal graphite paste and were then

coated with gold-palladium in an Edwards S-150 Sputter coater
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before they were examined under an ISI-60A scanning electron

microscope.
TRANSMISSION ELECTRON MICROSCOPY (TEM)

Tissues to be processed for TEM were transferred from 10%
alcohol to 100X alcohol for further dehydration and after two
changes in 100X alcohol, were taken in to Epon 812 medium hard
resin (TAAB) through different grades of propylene oxide and
resin mixtures. After overnight impregnation in fresh resin at
room temperature and at 37C for 3 hours, tissues were embedded
in the moulds using fresh resin and were allowed to harden at

60RC for 12 to 24 hours.

Tissue blocks were trimmed and 2 micron sections were cut on
an LKB paramatome to be stained in IX toluidine blue for
examination by light microscopy. Thin sections of the selected
tissue areas were then cut on an LKB-II11 ultratome in the gold
colour region using glass knives. Sections were mounted on
coated copper grids and were double stained with uranyl acetate
and lead citrate. Stained sections were then examined under a
JEOL, JEM-100C or corinth-275 type electron microscope.The
various tissue processing and specimen preparation
techniques were according to the procedures outlined by

Glauert (1975) and Hayat (1978).
3.4. TEST WATER / DILUTION WATER

A synthetic dilution water was used in most of the experiments
to avoid any possible fluctuations in the water quality that

could be expected by the use of tap water and at the same time
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to oaintain the uniforaity in the water quality conditions

(Alabaster and Lloyd, 1980)

Standard dilution water of desired hardness was prepared
according to the procedure outlined and recoaaended for the
toxicity tests by the Ministry of Housing and Local Governaent
(1969). Accordingly, three stock solutions were prepared
dissolving different cheaical salts in deionized distilled water
of conductivity less than 10 aicrosieaens and asking up the
voluae to one litre. Stock solution 1 contained 400g CaClj, 36g
NaCl and Ilg NaNOj in one litre. Stock solution 2 contained 189g
MgSO«. 7HJO and 99g NaNOj in one litre. Stock solution 3

contained 34g NaNO, in one litre.

For a standard water of 25 agl"“ hardness as CaCO,, l0al each
of stock solutions 1 and 2, and 100al of stock solution 3 were
added to 100 liters of deionized water. Siailarly for a standard
water of 50 agl"* hardness 20al each of stock solutions 1 and
2, and 0100al of stock solution 3 were added to 100 liters of
deionized water. In experiaents where higher hardness water was
needed a standard dilution water of 250 agl ” hardness as CaCOj
was prepared by the addition of 100bl of stock solutions 1 and

2, and 2000al of stock solution 3.

All the salts used in the preparation of stock solutions were
of analytical grade @DH Analar). A Gallenkaap lon«iser-2C
deionizer with expendible nixed bed deionizing resin cartridge
was used to deionize tap water. In all test water preparations
deionized water of conductivity less than 10 microaohs were

used by replacing the used resin in the cartridge with fresh



resin as and when the conductivity exceeded 10 ps cs=-

(microsienens).

The chemical composition of the dilution water of 50 ppm
hardness as analysed by the Forth River Purification Board and

reported by Hasan (1986) given in Table. 3.1.
3.5. TOXICANT

Ammonium chloride was used as the source of ammonia in all the
experiments. Large numbers of investigators have used ammonium
chloride as the source of ammonia in ammonia toxicity studies.
Thurston et al. (1983) used three different ammonium salts in
their acute ammonia toxicity study and found no significant
difference in the toxicity caused by these three different
compounds. The chemicals they used were ammonium bicarbonate
(NH4HCOJ), ammonium hydrogen phosphate ((NH4)jHPO4) and ammonium
sulphate, (NH4)jS04. All through the present experiments ammonium
chloride was used as the source of ammonia to maintain

uniformity.

To obtain the needed experimental unionized ammonia levels at
the measured pH and temperature values of the water, required
total ammonia levels were calculated from the following

relationship.
Total ammonia = UIA (@ + antilog PKa - pH).

Then the appropriate amounts of ammonium chloride required to
give the total ammonia levels expected were calculated. In

calculating the available total ammonia nitrogen per unit weight
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of ammonium chloride (\H, CI) the value Img NH« CI = 0.2618mg

total ammonia-nitrogen was used (APHA 1985). Analytical grade

anhydrous ammonium chloride (BDH chemicals) dried at 100%C for

12 hours was used to obtain near exact values of total ammonia

to those of calculated values.

3.6. SOURCE OF FISH AND MAINTENANCE
3.6.1.COMMON CARP

Common carp, Cyprinus CftTPla. L-. obtained from a number of
hatcheries from the south of England, were used in all the

present experimental investigations. Fish on arrival were

checlced for parasites and for the presence of any possible

bacterial or viral infectious agents. Fish were given a

prophylactic treatment of either formalin and or malachite

green, only in the presence of any ectoparasites or external

fungus infections. The fish were lcegpt in quarantine for a period

of 15 days before they were transferred to the tropical

aquarium. Fish were then held in an independent water-

recirculatory fish holding system housed in the tropical

aquarium of the Institute of Aquaculture and maintained at water
temperatures of between 25-27‘C. Fish were held in the aquarium

for at least a few months before they were used in the

experiments. During this holding period the fish were fed

adlibitum twice a day with a commercial trout pellet (EWOS

Bakers Omega, no.3; Protein content 47X). Periodically the fish

were checked for parasites and any other infections.



3.6.2. RAINBOW TROUT

Young rainbow trmit.Salmo gairdneri R. used throughout the
present experiments were obtained from different commercial
trout hatcheries in Scotland as and when required. Fish from a
single stock were used at any one time in a particular
experiment to maintain a uniform population in all the

treatments.

Initial attempts to obtain the fish stock well in advance of
experimentation and their maintenance in a water flow through
system utilizing public tap water resulted in the development
of severe lamellar fusions and hyperplasia and hypertrophy of
the gill tissues. Therefore this idea was abandoned and for all
experimental purposes the fish were obtained only one week prior
to the experimentation and were directly transferred in to
acclimation tanks containing synthetic dilution water maintained
at 15°C. Each of these tanks were provided with an Eheim filter
pump Filled with filter material, the water in the acclimation
tanks being partially changed every day with freshly prepared

dilution water.
3.7. ANAESTHESIA

All experimental fish were anaesthetized before they were
sacrificed for histological and electron microscopical studies.
Other killing techniques such as concussion and decapitation
were totally avoided. Anaesthesia was accomplished using
benzocaine (methyl para-amino benzoate). A concentration of 250
ppm was used for carp weighing about 20g. At this concentration

15-25 seconds were required for the immobilization of fish and
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a further 15-20 seconds were required for the immobilization
of fish and a further 15-20 seconds for the cessation of

opercular movements, before the fish were handled.

However for trout, weighing about 10-15g a concentration of
only 150 ppm benzocaine was sufficient to produce the same

effects.

3.8. TERMINOLOGY

Since the terminology used to represent different forms of
ammonia, with associated abbreviations, and the terminology
associated with the descriptions of gill tissues are quite
variable and often confusing, throughout the text of this thesis
the following terminology has been adopted after Emerson etal.
(1975) and Hoar and Randall (1984) for ammonia and gills

respectively.

TERMS USED IN DESCRIBING AMMONIA

NH3 will be referred to "unionized ammonia', (UIA).

NHA* will be referred to "ionized ammonia'™ or "ammonium ion".

The sum of (NHj + NH4”) will be referred to as '"total ammonia"

(TA) or simply ammonia.
The concentrations of total and unionised ammonia are

quantitatively represented as mgl**, being expressed on nitrogen

basis.
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TERMS USED TO DESCRIBE DIFFERENT GILL COMPONENTS

"Lamella™ (singular): refers to secondary lamellae.

"Lamellae" (plural): refers to secondary lamellae.

"Filament" = refers to primary lamella.

Proximal lamellae = lamellae proximal to arch.

Distal lamellae = lamellae distal to arch.

Interlamellar space = space between lamellae.

Inter filamental space = space between two filaments.

Filament epithelium = primary epithelium or the epithelium that
covers the filament including inter lamellar space, in which
case it may also be referred to as interlamellar epithelium.
Lamellar epithelium = secondary epithelium, the epithelium that
covers the secondary lamellae, also referred to as respiratory
epithelium.

Leading edge = filament efferent side.

Trailing edge (refers to water flow direction) = filament

afferent side).



Table.3.1.

water used in carp ammonia toxicity tests.

Parameter

Total hardness as mgl*“

Total alkalinity, mgl**
as meqgl™™

Conductivity
pS o>

Chloride
Orthophosphate
Calcium
Magnesium
Potassium
Sodium

Copper

Iron

Lead

Manganese

Zinc

CaC03

Mean

58.50

42.5

0.85

219.5

31.5

<0.01

7.05

3.65

0.55

28.3

0.01

0.02

<0.005

<0.005

0.009

*A11 values are in mgl™ unless otherwise stated.

Chemical composition of the 50 ppm dilution

Range
57.0-60.0
40.0-45.0
0.8-1.2

194-245

31.0-32.0

<0.01-0.01

6.9-7.2

3.2-4.1

0.5-0.6

0.01-0.01

0.02-0.02

0.005-0.017






4.1. INTRODUCTION

The importance of the deleterious effects of ammonia on carps
in general and common carp in particular have received little
attention. Common carp is one of the most extensively
cultivated fish world wide (Jhingran, 1985; Jhingran and
Pullin, 1986) and its importance as a food fish and a potential
aquaculture species is growing due to an ever increasing number
of hatcheries and carp growing Tfacilities. Hence there is a
greater need for an understanding of the effects of most common

pollutants such as aounonia on this species.

Although there are a few studies available on the toxicity of
ammonia to carp (Vamos, 1963; Daneker, 1964; Flis, 1968; Rao,
Rao and Prasad, 1975), according to Dabrowska and Sikora
(1986), the studies performed on carp so far are fragmentary.
This comment particularly applies to histological studies in
which concurrent parasitic infections have also been present
(Kovacs-Gayer, 1984; Hornich and Tomanek, 1983) and simple dose
effects have been performed without any details of
corresponding cellular changes (Rao eta)., 1975; Dabrowska and
Sikora,1986; Hasan and Macintosh, 1986). Furthermore there is
a considerable inconsistency and variation within the reported

toxic ammonia levels.

Table 4.1. gives the reported toxic effect levels of ammonia
to common carp by various investigators, and it is clear from
the table that the reported toxicity values vary considerably
and more recent works have placed the LC50 values at an

appreciably higher level than earlier reporters.
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Of the two notable earlier studies on the toxic effects of
ammonia on carp tissues (Flis, 1968a,1968b ; Kuhn and Koecke,
1956), Flis (1968a,b) described severe regressive changes in
most of the carp tissues and gills in particular, whereas Kuhn
and Koecke (1956), although noting similar regressive changes
but initially used fish with abnormally altered gill
structures iIn theirexperiments, describing them as normal
gills. No further attention has been given to the study of the
effects of ammonia on carp gills under controlled experimental
conditions. In the past two decades relatively little work has
been done on the toxic effects of ammonia on carp gills. The
descriptions of normal gill features of carp are also lacking
and only a few groups of fish species such as eels and

salmonids have been extensively studied.

In addition to the existing paucity of information on the
ammonia-induced gill changes in carp, the confusion generated
by the recent studies ofMitchell and Cech (1983) and Daoust
and Ferguson (1984) introut and channel catfish (a
respectively, that ammonia does not cause any gill lesions has
further emphasised the need for investigations in carp. Hence
the objectives of this experiment were to investigate the
precise role played byammonia in the absence of other
metabolic toxic agents in causing gill damage, and to describe
the cellular pathology involved by both light microscopical and

electron microscopical investigations.

4.2. MATERIALS AND METHODS
4.2 _.1_EXPERIMENTAL ANIMALS

The source of the experimental carp, the procedures of their
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quarantine, and their maintenance in a recirculation system in
the tropical aquarium of the Institute of Aquaculture are

described in chapter 3.

Two experimental trials were conducted independently, using two
different stocks of Tfish belonging to two different size
groups. The Tfirst initial experiment was aimed at identifying
the effects of ammonia on the gill tissues, and the 2nd
experiment was conducted to confirm the results observed in the
first trial. Carp weighing 18.48 grams (@ SD, 5.37), and
measuring 10.84 eras (+ SD, 1.64) were used in the first trial,
whereas the carp used in the second trial weighed 7.65 grams

( SD, 2.13) and measured 8.19 ems (i SD, 0.91).

4.2.2. EXPERIMENTAL SYSTEM

The experimental system consisted of static glass tanks of
dimensions 95x35x30 ems, used to hold 85 litres of experimental
dilution water. Each experimental tank was provided with a
microtonic electronic thermostatic heater (Armitage Bros, Ltd. ,
U.K.) to maintain constant temperature and a large sized air
stone to provide sufficient aeration. Each experimental tank
was also fixed with an Eheim brand filter pump (John Allen
Aquariums Limited, U.K.). The clean Eheim pump used here,
without any TFfilter wool, served the purpose of keeping the
water in good circulation and well mixed. A 12 hrs light: 12
hrs dark period was maintained throughout the experimental

period by an electronically operated lighting control device.



4.2.3. TEST WATER

To maintain constant and uniform water quality in all the
experimental tanks and in both trials, synthetic dilution water
of hardness 50 mgl'"“ as CaCoj prepared by mixing appropriate
quantities of stock solutions of chemical salts as outlined in
chapter 3 was used. The chemical composition of similar
dilution water as analyzed by the Forth River Purification

Board, Stirling, is provided in table 3.1 of chapter 3.

To maintain constant pH, the dilution water of all the
experimental tanks was buffered with 0.01 M phosphate buffer
by addition of appropriate amounts of di-sodium hydrogen
orthophosphate and sodium dihydrogen orthophosphate. Similar
buffer salts, and dilution water at similar concentrations have
been used the ammonia toxicity studies on carp by Hasan and
Macintosh (1986) and hence were adopted in the present studies,
although a variety of other buffer salts have been used by

various workers in ammonia toxicity experiments.

4.2.4. ACCLIMATION AND EXPERIMENTAL PROCEDURE

One week prior to the experimentation,required numbers of carp
from the stock held in the tropical aquarium were removed for
acclimatisation to the experimental water quality conditions.
All  the fish were acclimatized to ammonia free unbuffered
dillution water of 50 ppm hardness in separate acclimation
tanks, of similar type to the experimental glass tanks over
a period of 6 days, by partial daily water replacements. During
this period the fish were starved and the excreted faecal

solids were trapped with the help of an Eheim filter pump.
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filled with filter wool to avoid any possible reconsumption of
the faecal solids by fish. This process was necessary to
maintain the tank waters clean and at the same time to keep the
ammonia levels stable. A week of starvation has been shown to
stabilize the ammonia excretion rates to a minimum level.
(Kaushik 1980; De Vooys 1968). On the seventh day of
acclimation process all the fish were also acclimatized to
ammonia free buffered dilution water similar to the
experimental dilution water for a period of 24 hours (American

Public Health Association (APHA) 1980).

4.2.5. AMMONIA CONCENTRATIONS TESTED

In the 1st trial three concentrations of ammonia were tested
with one control. The concentrations used were 0.50, 1.0 and
1.5 mgl“* as unionized ammonia (UIA). Since there were no
mortalities at the highest concentration of ammonia tested in
the first trial (ie 1.5 mgl™ UIA), in the second trial, that
was intended to verify the histopathological observations
noticed in the first trial, a further higher concentration was
also tested. The ammonia concentrations tested in the 2nd trial

were 0.5, 1.0, 1.5 and 2.0 mgl*“ UIA.

4.2.6. REPLICATION

In both the trials conducted each experimental ammonia

concentration was tested in duplicate, with a duplicate set of

control tanks with no added ammonia.



4.2.7. NUMBER OF FISH AND THEIR DISTRIBUTION

Ten fish were tested in each of the duplicate amnonia teat
concentrations, and i, controls, thus making up a sample size
of 20 fish tested at each test concentration. Before the start
of the experiment the Tfish were gently netted out from the
acclimation tanks with minimum disturbance using soft meshed
shallow nets, and were randomly distributed among the test

tanks as recommended by Sprague (1973).

4.2.8. EXPERIMENTAL DURATION AND SAMPLING INTERVALS

Each trial lasted for a period of a full seven days (or 168
hours), fish samples for histopathology being taken at the end
of three full days and seven full days of exposure. Five fish

were sampled from each of the test tanks on day 4 and day 8.

4.2.9. BEHAVIOURAL OBSERVATIONS

Fish in different test solutions were observed for behavioural

changes throughout the experimental period.

4.2.10. MEASUREMENT AND ANALYSIS OF WATER QUALITY

During the experimental period water quality parameters such
as pH, temperature and conductivity were measured every day,
whereas total ammonia nitrogen and nitrite nitrogen were
measured on alternate days. Total alkalinity and dissolved
oxygen were measured at the beginning and before the end of the
experiments. Total hardness was only measured at the

beginning, at the time of reconstitution of dilution water.

61



The methods employed in the measurement of various
physicochemical parameters of the experimental water samples
are outlined iIn chapter 3. Unionized ammonia concentrations
were calculated from the measured mean total ammonia
concentrations, measured mean temperatures and pH values for
individual tanks according to procedures of Emerson et al.

(1975).

Water samples from each experimental tank were analyzed
separately for all the parameters mentioned. From the mean
values of the physico-chemical parameters calculated for each
individual tank, mean and standard error was computed for each

duplicate set of treatment and are tabulated.

4.2.11. TISSUE SAMPLING FOR HISTOLOGY AND ELECTRON MICROSCOPY

Five fish each were sampled for histopathological examination
from each experimental tank on day 4 and day 8. Thus at any one
sampling period a total of 10 fish were sampled at each test
concentration tested 1in duplicate. Fish were individually
netted out with minimum disturbance to the other fish, iInto an
anaesthetic container held close to the experimental tank to
avoid the fish being exposed in air and thereby to reduce the
possible physical trauma that may lead to any alteration in the
gills such as telangiectasis. The anaesthetic used, its
concentration and time required for anaesthesia have been
detailed in chapter 3. Immediately after anaesthetization the
fish were quickly weighed and measured, and the gill samples
were taken for both light microscopical and electron
microscopical investigations, separately from individual

experimental tanks. All the 1st and 2nd gill arches from five
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individual fish of a single test tank were pooled together for
conbined scanning and transmission electron microscopical
observations. The rest of the gills from the individual fish
from individual tanks were fixed separately for light
microscopic histological examination. Details of sampling)
fixation and processing for both light microscopic wax

embedding and electronmicroscopy are as detailed in chapter 3.
4.2.12. NUMBER OF GILLS EXAMINED

For scanning electron microscopy a minimum of four whole or
partially trimmed gill holobranchs from each of the pooled gill
samples belonging to each tank were used. Whereas, for
transmission electron microscopy although a number of samples
were used, only selected area of the required gill regions were

sectioned from different aounonia exposed TFish.

For light microscopical histological preparations all the gills
from each fish were fixed and processed separately and examined
in both the trials.

A qualitative assessment of the changes noted are presented.

4.3. RESULTS
4.3.1 WATER QUALITY

Total ammonia and unionized ammonia concentrations in all the
treatment tanks remained close to the nominal values (i.e. 0.5,
1.0, 1.5 and 2.0 mgl"“ unionized ammonia or 17.21, 34.41, 51.62
and 69.45 mgl"™ total ammonia as applicable, appropriate to the
concentrations in both Trial 1 and Trial 2, throughout the

experimental period (Table 4. 2 and Table 4.3).
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The ammonia concentrations recorded from the control tanks were
those resulting from the fish’s own metabolic activity, and the
values recorded (0.034 and 0.016 mgl™*, UIA respectively for
trial 1 and trial 2) are within the levels that have been
reported as nondetrimental to the optimum growth and food
conversion efficiency of common carp (Toth, Gulyas and Olah,

1982) .
4.3.2 MORTALITIES

No mortalities occurred in any of the experimental tanks except
at the highest levels of unionized ammonia tested. At the
highest level of unionized ammonia tested of trial 2, all of
the fish from the replicate tanks died within 24 hours, except

one fish that survived up to 36 hours of exposure.









4.3.3 BEHAVIOURAL OBSERVATIONS

The control Ffish remained active and apparently normal
throughout the experimental period. During most of the
experimental period the control fish remained in groups as they

moved around within the tanks, usually at the bottom.

At 0.5 mal-* UIA

Fish at 0.5mgl"“ UIA concentration did not exhibit any abnormal
behavioural patterns, they remained less active and in groups

with most of them on the bottom of the tank.

At 1.0 mgl-i UIA

Although during the initial few hours, the fish stayed at the
bottom, with minor initial distressed movements, they slowly
and eventually became distributed all over the tank at various
depths of water. After 12 hours most of the fish stayed above
the midwater level in the tankj and most often at the surface.
Occasional erratic bursts of swimming were noticed. Most fish
developed mild nervous signs demonstrated by their unbalanced
swimming by tilting over to one side. Occasionally some fish
showed fast spiral movements. Although some fish remained
like this until the end of the experimental period, a few

regained their normal balance between day 5 and day 6.

At 1.5Bgl:i UIA

Severe distressed reactions were noticed at this concentration

although no mortalities occurred. Most of the fish remained
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above the midwater level, and dispersed all over the water
column. Erratic movement and sporadic hyperexcitability was
characteristic. Most fish developed mild to severe signs of
nervous dysfunction with their failure to maintain the normal
body position in water. Although increased opercular movement
and breathing was noticed during the Ffirst 24 hours of
exposure, subsequently opercular movements and breathing seemed
to slow down considerably. However, periodic coughing
associated with short quick bursts of movement was commonly
seen. Some TFfish exhibited great difficulty in swimming, and
tended to sink to the bottom,in spite of their efforts to move
and hold the body in a normal position. Occasional spiral

movenent-s were also not-iced»
AT 2.0 mal-1 vIA

Fish reacted vigorously at this concentration and developed
nervous signs faster than at 1.5 nmgl™ UIA. Before death, fish
slowly sank to the bottom of the tank remaining alive for
various periods of time before their opercular movements.The
first death occurred as soon as 6 hours after exposure, and all
the fish except one were dead by about 24 hours. Distressed
erratic movements were common throughout. Since most Tfish
had died overnight none were sampled for histology except one
moribund on the bottom of tank after 36 hours of exposure. This
fish was Kkilled without any anaesthesia and the gills from
this fish were processed for histology and scanning electron

microscopy. No dead fish were sampled at any time.

4.3.4. HISTOPATHOLQGY

The results of the present experiments as visualized by means
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of coBbined histological, scanning and transmission electron

microscopical investigations were of particular interest.

The observations noted for each experimental treatment were
distinctive. The control fish showed changes that were not
present in the ammonia treated fish (but for the very minimal
extent detailed in the later part of this text) or in any of
the unexposed stock fish, whereas the lesions characteristic
of ammonia exposure increased from fish exposed to 1.0 mgl

UIA to I.Smgl"™™* UIA, but were absent at 0.5mgl*"* UIA (Plate, 1).

In the current experiment, as a result of the undesired effects
of the buffer on the gill epithelium of carp, true
experimental control gills could not be obtained. However for
the purpose of comparison, some normal gill structural
features were studied from a sample of stock fish (same stock
carp as used in this experimental trial-1) by scanning electron
microscopy are given in appendix 1. In the present
investigations it was also noted that the normal
morphological Tfeatures of trout gills varied slightly from
those of carp. Normal trout gill structure as noted by an SEM
study using healthy rainbow trout of 40-45 gram size

included in appendix 1.

Fish exposed to 1.0 and 1.5 mgl*™* UIA developed mild to severe
histological changes in the gill tissue. The major pathological
changes were the appearance of hyperplastic and hypertrophic
swellings on the gill raker, gill arch and gill Tfilament
epithelium. These swellings remained small and few in number
in the case of fish exposed to 1.0 rogl™ UIA (Plate 2),

whereas in fish exposed to 1.5 mgl ~ UlIA, the swellings
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appe&red as large and unevenly raised areas of the epitheliuB
all along the length of the filament (Plate 3 ). These lesions
were present all over the afferent and efferent sides of the
filaments on raker epithelium, but were fewer in numbers on the
arch epithelium. However they were not found on the lamellar
epithelium. Scanning electron microscopy revealed that the
epithelial cells on these raised areas had either totally or
partially lost their microridges and the epithelium in some
cases was perforated (Plate 4 ). The lesions as observed in
thin sections consisted of variably sized local enclosures and
contained different breakdown stages of epithelial, chloride,
mucous, eosinophilic granular and infiltrated mononuclear cells
(Plate 5a). The progression of these lesions resulted in the
formation of a syncytium comprised of cellular debris in a
heterogeneous protoplasmic matrix and often contained
aggregations of intact nuclei (Plate 5b). The lesions on the
filament epithelium were complex in that there was an
involvement of various types of cells as detailed above,
whereas on the gill rakers they consisted of simple large
epithelial swellings filled with a sparsely dense, homogeneous,
and slightly PAS positive matrix containing mucous and
epithelial cell debris(Plate 6). Large numbers of these
swellings were noticed on the gill arches by day three but were
decreased by day seven, whereas the swellings on the filament
epithelium increased in density from day three to day seven.
Large numbers of sloughed intact nodules and necrotic cellular
debris could be seen in the inter-filamental areas in

histological sections (Plate 3c,d.).
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Chloride cell proliferation and necrosis was another major
pathological change seen in the gills exposed to higher ammonia
concentrations. Although gills exposed to 0.5 ngl™ UIA showed
very mild chloride cell swelling and proliferation on the
secondary lamellae, in Tfish exposed to 1.0 and 1.5 mgl®"“ UIA
large scale proliferation of chloride cells both on the
lamellae and filament epithelium was seen (Plates 7, 8 and 9).
At the highest concentration of ammonia chloride cells often
formed a continuous array on the filament epithelium with
interconnections between the adjacent and neighbouring chloride
cells. Ultrastructural investigations revealed two types of
chloride cells; electron Jlucent pale staining cells and
electron dense dark staining cells(Plate 10a). The pale cells
showed degenerative changes such as pyknosis of the nuclei,
mitochondrial swelling and disappearance of mitochondrial
cristae, causing the mitochondria to look like homogeneous
structures(Plates 10b,11a and [lib). Another characteristic
feature of the pale cells was the appearance of dark inclusion
bodies and greatly reduced cellular organelles and tubular
structures. The dark staining cells were packed with
mitochondria and a dense tubular system with minor changes in

the cell components (Plate 11).
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Plate 1. Scanning electron aicrographs of carp gills after 7
days exposure to asBonia concentrations of 0.5 agl** as UIA.

(Note the noraal appearance of the gill filament and

laaellar epitheliua)

(@ 30 X
() 700 X
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Plate 2. Scanning electron micrographs (SEM) of carp gills
after 7 days exposure to a unionized ammonia concentration

of 1.0 mgl-i UIA

a) Note the appearance of small nodular swellings on the

filament epithelium (arrowed) 600 X

(b) Nodular swelling with obvious damage to the

epithelial cells 6,000 X
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Plate 3. Nodular lesions on the gill epithelia of carp exposed

to 1.5 mgl'™ UIA, for 7 days.

(@) Extensive and proliferative nodular swellings extending
along the length of filament epithelium seen after seven

days exposure.(SEM, 60 X)

(b) At high magnification, the swellings are seen as both
hyperplastic and hypertrophic nodules on the Tfilament
epithelium with apparently normal looking lamellae

(SEM, 240X).
(c) Photomicrograph of a histological section showing the

nature of the extensive nodular lesions on the gill

filaments (H&E, 150X).

@ Photomicrograph showing the necrotic cells and a

sloughing nodular swelling (H&E, 600X).
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Plate 4. SEM of gill nodular lesions from carp exposed to 1f
ragl"i UIA

for seven days.

(@ Nodule on the filament epithelium showing erosion of

microridges 2300 X

b) Nodule on gill arch epithelium (note the erosion of
microridges and perforations of the squamous epithelial

cells) 2300 X
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Plate 5. Photomicrographs of the developing nodular lesion on

the gill filament epithelium of carp exposed to 1.5 mgl'™™*

UIA,

(@) Initial infiltration of EGCs (arrowed) and other cell

types resulting in swelling of the epithelium. (Toluidine

Blue, 600 X)

(b) A progressive stage in the development of the lesion
resulting from the necrosis and dissolution of the cell
membranes leading to a homogenous mass of structure
representing a ''syncytium'.

Note the intact nuclei (arrowed) within the protoplasmic

matrix (Toluidine Blue, 1500 X).
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Plate 6.Photomicrograph of the nodular lesions on the gill

aker epithelium of carp exposed to 1.5 mgl*™~ UIA for 3 days

(arrowed)

(@) Nodule on the tip of the gill rakers. Note the
involvement of fewer cells iIn the lesion formation and the

PAS positive matrix (PAS, 375X)

() Similar lesions on the gill rakers (PAS, 600 X)






Plate 7.
(@ A photomicrograph of the gill lamellae of carp exposed
to 1.5 mgl"™ UIA for 7 days showing severe chloride cell

proliferation on lamellae with necrotic cells, ( Toluidine

Blue 675 X)

Photomicrograph of the gill filament of carp exposed to

®
1.0 mgl™“ UIA
proliferation on the lamellae

for 7 days showing moderate chloride cell
(arrowed), ( H4E, 375 X).
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Plate 9.

(@ A photomicrograph of the chloride cell proliferation in
the interlamellar and filament epithelial region of carp

exposed to 1.5 mgl*™* UIA for seven days { PAS, 1.500 X).

() A TEM carp gill filament epithelium showing the
development of a continuous array of chloride cells with
interconnecting channels after seven days exposure to
1.5mgl’”™ UIA. Note the conspicuous dark inclusion bodies

(2850 X) .






Plate 10. Transmission electronmicrographs of gill filament
chloride cells from carp exposed to 1.5 mgl"* UIA for seven

days

(@ TEM showing electron lucent (P) and electron dense (D)
chloride cells. Note the dilated mitochondria in the pale
staining (electron lucent) «cell with numerous dark
inclusions and thinning of the cytoplasmic organelles and
dilation of the tubules, where as in the dark staining cell
such changes are minimal and contain numerous mitochondria

(5010X )

() Chloride cells showing pyknotic nuclei and marked

dilation of the micro tubules ( 4050 X)
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Plate 11.
TEH of chloride cells from the carp gills exposed to 1.5
mgl'* UIA for 7 days

(@ Note the pyknotic and karyolytic nuclei (N) with both
normal mitochondria and necrotic mitochondria with no

mitochondrial cristae (arrowed) 6000 X

(b) Mitochondrial necrosis characterized by the dilated and

swollen mitochondria (arrowed) 6150 X
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Mucous cell proliferation and an increased mucous cell activity
was also noticed. There was an increase in the mucous cell
activity with an increase in the unionised ammonia. At 1.5 mgl"
*UIA the mucous cells appeared more exhausted. The openings of
such mucous cells were flared ( Plate 14). At 1.0 mgl* UIA the
mucous cells were active but the mucus appeared to plug the
opening of the cell (Plate 13). Although there were large
numbers of mucous cell openings at 0.5 mgl*™ UIA they were
normal and devoid of any mucus plugs under SEM, indicating that
the mucus was of normal viscosity and would have been washed

off or lost in the course of processing for SEM (Plate 12).

The other important change was that of an intensive
infiltration of eosinophilic granular cells into the gill
epithelium and connective tissue. They were also present along
the central axis of the gill Tfilament. Degranulation,
degeneration, and severe vacuolation processes at different
stages were present (Plate, 15 ). Once again their intensity
and numbers increased with increasing levels of UIA. In the
connective tissues of arch, gill septum and along the filament
axis, large numbers of mononuclear cell infiltrations were seen

in addition to eosinophilic granular cells.
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The control gills were quite variable in their appearance,but
the majority of the Ilamellae and filaments showed severe
alterations both at day three and day seven. These alterations
were not in any way comparable to those found in the Ffish

gills exposed to ammonia.

The characteristic change was variable to severe hyperplasia
of the lamellar and filament epithelium giving an abnormally
thickened appearance to lamellae and Tfilaments. Due to this
severe proliferation of the epithelial cells, only very short
lengths of the lamellae were free, the rest being buried within
the thickened epithelium, particularly towards the tips of the
filaments (Plate 16). There was an oedematous expansion of the
lamellar thickness with the appearance of wide spaces from the
base of the lamellae towards the tip. This was associated with
an intense and active migration of Tfibrocyte like cells into
the lamellae from the basal regions of interlamellar epithelium
on either side of the pillar capillary basement membrane
(Plate 17). These cells seemed to be transforming into a
different type of active mucous cell. Apart from these
proliferative and oedematous changes, another conspicuous
change was an increased infiltration of eosinophilic granular
cells into these intercellular areas. Although some of these
granule cells remained within the cartilaginous tissue and
contained partially opened granules, probably indicative of the
release of the contents of the granules, the granule cells
within the Tfilament epithelium and those around the basal
regions of the Jlamellae remained intact, containing a

conspicuously electron dense central core (Plate 18).
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Gills from fish exposed to low ammonia concentrations

(0.5 mgl*™ ) showed only minor alterations, including the
presence of a few Fibroblast cells in the basal regions of the
normal looking lamellae. These fibroblasts neither showed any
further development into mucous cells, nor migration Tfurther
up into the lamellae, but rather appeared to remain stationary.
The other most important details were the absence of cellular
hyperplasia of the lamellar or filamental epithelia, and
excessive infiltration of EGC’s into these epithelia as noted
in the control Tfish gills. The density of the EGC’s in the
epithelia remained moderately low when compared to either the
control fish or those exposed to higher levels of ammonia.
However, a moderate increase in the chloride cells was seen
especially in the interlamellar and basal areas of the
lamellae. No lesions characteristic of hyperplasia and
hypertrophic swelling as noted in the high ammonia exposed
gills were present at this ammonia concentration (Plate 1).
The Dlamellae were least affected and remained normal in
appearance. A moderate increase in the number of mucous cells
was noted however, on the filament and gill arch epithelia both

in day 3 and day 7 samples.

Thus the overall appearance of the gill structure remained more
normal at 0.5 mgl' UIA than either in the control fish or

those exposed to 1.0 or 1.5 mgl”™* UIA.

A cell type that has been described as the "rodlet cell"™ and
was structurally different from the surrounding tissue cells
was observed iIn the gill tissues of both control and ammonia
treated carp. These rodlet cells were pear shaped or oval with

a relatively thicker cell border than the surrounding cells,
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including those of EGC’s. They contained an eccentric or polar
spherical nucleus, and a varying number of tapering rod-like
structures within the cytoplasm. The basal part of the cell was
enlarged and the rods were orientated with their tapering ends

towards the apex of the cell.

Although these cells stained well in HiE they were relatively
less conspicuous and hence difficult to distinguish in the
histological sections. They stained negatively for both PAS and
AB stains. A modified methylene blue and basic Tfuchsin
procedure of Dougherty (1981) as used by Vallejo (1987),
unsuccessfully to demonstrate EGCs in rainbow trout gave a
strong staining to the rodlet cells, and thus it was adopted
for the easy demonstration and visualization of rodlet cells
in this study. As noted (Vallejo,1987) although this stain
does not stain eosinophilic granule cells specifically, some
mucous cells and the cartilage, stain an intense dark blue,
whille the rest of the tissue stains uniformly light blue.
However, the characteristic pear-shaped rodlet cells, with
their sickle shaped rodlets, eccentric spherical nuclei and a
dense staining cell membrane appear relatively more conspicuous

and easily distinguishable.

In the carp gills, the rodlets were noted particularly in the
gill arch connective tissues, especially in the supporting
tissues of blood vessels and septal connective tissues.The
number of rodlets in the normal and control carp were fewer
(Plate 19a). However, their numbers increased considerably in
the gill tissues of the fish exposed to 0.5 mgl”™* UIA

(Plate 19 b). In the gill tissues at this ammonia concentration

the rodlet cells were more frequently seen in the connective
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tissues, sometimes appearing in small aggregations. They
appeared to be commonly associated with blood vessels, being
present in large numbers in the vicinity or sometimes within
the endothelium of the blood vessels in single or multiple
layers. Further, since there were relatively fewer granular
cells in the connective tissues, at this concentration of
ammonia the rodlet cells appeared clearer, and they were also

very discrete with conspicuous rodlets.

With increasing ammonia concentrations, the rodlets appeared
to be disrupted. At 1.0 mgl'™ UIA, although a larger population
of rodlet cells were clearly visible in the connective tissues,
the rodlets within these cells were less discrete in most of
the cells, whereas at 1.5 mgl"* it was difficult to distinguish
the rodlet cells as the rodlets seem to disappear along with
visibly reduced numbers of rodlet cells. This 1is possibly
because of two reasons: Tirstly the connective tissue of the
septal region becomes totally dominated by granular cells at
this concentration of ammonia, visually giving the connective
tissue an appearance of a granular tissue and secondly it
appears that the rodlet cell numbers decline, possibly due to
the destruction of rodlets as a consequence of high ammonia
levels. Sometimes only the pear shaped cell borders without any

contents were seen at this concentration of ammonia.

All  the above changes were reproduced in the repeated

experimental trial no. 2.

Telangiectasis was not a characteristic lesion in any of the
fish examined, except in the case of a single fish sacrificed

without any anaesthesia at the highest ammonia concentration

a1



of 2.00 mgl** (Trial 2) after 36 hours of exposure (Plate
20a,b). These lesions consisted of significantly expanded
lamellae filled with intact, well preserved blood cells,
indicating that these telangiectic lamellae might have resulted
due to the hyperactivity and thrashing movements of the fish
at this high ammonia concentration, or as a result of the

traumatic method of killing (Plate 20c).
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Plate 16.

(@ A photomicrograph of the control carp gill from the tip

of a filament showing severe hyperplasia after 3 days in

buffered dilution water. Note an increased cellular

activity as seen from the increased number of cell

nuclei.( H4E, 600X. )

() A SEM of the control carp lamellae from the tip of a
filament showing an upsurge of cells on to the lamellae from

the filament epithelium (1000 X).
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Plate 17.

(@ A photomicrograph of control carp gill lamellae after

3 days exposure in phosphate buffered dilution water.

Note 1increased loosening of the Hlamellar epithelium ana

migration of fibroblast cells (arrowed) into the lamellar

epithelium (H4E, 1500 X).

() A photomicrograph of control carp gill lamellae after

in phosphate buffered dilution water.
infiltration of

7 days of exposure
Note an increased lamellar oedema,

fibroblasts and their transformation into goblet shaped

mucous cells (arrow head)( H&E, 1500 X)






Plate 18.

(@ A photomicrograph of the control carp gills after 7 days
in phosphate buffered dilution water, showing intense
infiltration of the eosinophilic granular cells into the

epithelium (arrowed) (HitE, 1500 X)

() A TEM of a similar area as above showing mostly intact
(arrowed) or only partially degranulated (arrow head) EGCs.
Note the increased cellular activity and oedematous changes

in the interlamellar region 2800 X
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Plate 19.

(@ A photomicrograph of the septal region of gill from
control carp showing relatively fewer rodlet cells

(arrowed) (Methylene blue/Basic fuchsin - 600 X)

() A photomicrograph of the rodlet cells in the gill
connective tissues of carp exposed to 1.5 mgl"* UIA for 3
days. Note an increased density of the cells (Methylene blue

/Basic fuchsin 1300 X)






Plate 20.

a) A SEM of carp gill exposed to 2.0 mgl“*UIA for 36 hours
and then sacrificed without any anaesthesia. Note the
development of lamellar telangiectasis on a few filaments.
(600X)

(b)Telangiectic lamellae showing extensive damage to the
lamellar epithelium. Note the ruptured lamellar epithelium

(SEM, 700 X) .

(¢ A fractured telangiectic lamella showing the well
preserved intact red blood cells, indicating that the

lesion is recently formed 1700 X.
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4.4 _DISCUSSION

The results show that the tissue lesions characteristic of
ammonia exposure occurred only in fish exposed to higher
ammonia levels of 1.0 mgl"™ UIA (=35 mgl"" TA) and 1.5 mgl™*
UIA (=52 mgl*“ TA), both after 3 and 7 days exposure. The
absence of such lesions in fish exposed to 0.5 mgl'™ UIA (=18
mgl'™* TA) indicates that this ammonia concentration is not
sulficient enough to ensure such pathological changes as seen
at 1.0 mgl'™* or 1.5 mgl'™* UIA, and hence is relatively non toxic

within the present experimental period of seven days.

However, in contrast to a "normal'" gill appearance, the gills
of the control fish showed severe structural changes which
were not present in any of the ammonia exposed fish, or in the
stoclt fish examined prior to their use in the acclimation and
subsequent experiments. Although no such tissue changes seem
to have been described in the literature, Kuhn and Koeclie
(1956) have noted the presence of fibroblast cells within the
lamellae of the control or normal gills of their experimental
goldfish while studying the effects of different pollutant
substances using distilled water as dilution water. These
authors have described such fibrocytes as a normal feature of
fish gills. The histological illustrations of normal gills
provided by these authors clearly indicate large numbers of
fibrocytes similar to those seen in the current control fish,
but only resembling early nontransformed stages. However, no
such account of fibrocyt® proliferation or presence has been
reported in past descriptions of normal fish gills (Laurent
and Dunel,1980; Hughes, 1984; Laurent, 1984). Neither is there

any pathological account of the occurrence of Ffibrocytes or
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similar cells in Ffish gill lamellae. The gills of the
experimental fish of Kuhn and Koecke (1956) although
containing fibrocytes, appeared to be overwhelmingly thickened
due to an obvious hyperplasia of both filament and lamellar

epithelium.

The failure of these authors to recognise pathological changes
in control fish and the lack of information as to the source
and maintenance of fish prior to their use in the experiments
makes it impossible to speculate on the causes of such changes
in their fish. In the current experiments the dilution water
was buffered with 0.01 M phosphate buffer using di-sodium
hydrogen orthophosphate and sodium di-hydrogen orthophosphate
(Hasan and Macintosh, 1986).1t is suspected that these buffer
chemicals had some drastic effect on the physiological acid-
base balance of the fish by contributing large amounts of
external sodium and phosphate ions and thereby stimulating the
fish gill tissue to react in such way as to thicken the
filamental and lamellar epithelium to reduce the entry and
possible effects of these ions. Since the lamellae are covered
with a simple squamous epithelial layer, the increased number
of intra-lamellar spaces and the infiltration of fibrocyte like
cells may provide a protective barrier between lamellar blood
sinuses and the external medium, as a possible compensatory
mechanism, although further studies are needed to investigate
this. It was difficult to precisely pinpoint the source of
these fibrocyte like elongated cells histologically. Since they
were only seen at the lamellar bases on either side of the
pillar capillary network, they probably develop from the cells
within the inter lamellar epithelium and move upwards by

squeezing into the lamellar and inter-lamellar epithelial cell
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spaces. As these cells move up they accumulate mucus vesicles
towards their upper end, and appear like goblet shaped mucous
cells, eventually opening to the exterior both in the
interlamellar areas, and on the lamellae themselves, but still
possessing an elongated tail like posterior part within which
lies the elongated and/or compacted nuclei (Plate 24a,b). The
possible role of such mucous cells could only be explained as
a protective measure against the possible osmotic effect, and
to barricade the loss or entry of 1ions into the gill
epithelium. The other functions that have been ascribed to
mucus, such as protection against parasites, bacteria or
irritants such as ammonia or nitrite does not seem relevant

under the circumstances.

Further, the appearance of extended lamellar oedematous spaces
sometimes containing infiltrated cells seems to implicate a
protective and osmoregulatory manifestation of the gills
Hughes and Wright (1970), Hughes and Gray (1972) and Hughes
(1978) have described the inter-cellular spaces in the
secondary lamellae as lymphoid spaces, and as these spaces
contained a variety of white blood cells, suggested that they
might perform a function similar to those of the alveolar
macrophages, and that the circulating fluid may be important

in the protective and osmoregulatory function of the gills.

Severe hyperplasia noticed in the lamellar and Tfilamental
epithelium of the control gills once again seems to indicate

a strong irritant reaction at the gill surface.

Although several workers have used various buffers in ammonia

toxicity studies (Rice and Stokes, 1975; Robinette, 1976; Rubin
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and Elmaraghy, 1977; Tomasso, etal, 1980; Hasan and Macintosh,
1986; Sheehan and Lewis, 1986) unfortunately none of these
studies were specific histological investigations, and thus the
possibility of any of these buffers having been detrimental to
the fish gills seem to have proceeded unnoticed particularly
so in the case of Hasan and Macintosh (1986). Even though
several standard toxicity procedures recommend the use of
buffers to regulate the pH of the water systems, no studies
have been conducted to see the effect of buffers themselves on
fish histology. Hasan and Macintosh (1986) investigating the
lethal limits of ammonia to common carp fry under similar
buffered dilution water as used in the present experiment noted
a 3.IX mortality in their control fish which was equivalent to
the mortality noticed at 0.43 mgl ~ UIA, but there were no
mortalities at the low ammonia levels of 0.119 and 0.23 mgl *
UIA in the same experiments. Although this may indicate that
the mortality of the young fry in the control was most probably
due to the buffer effect , no apparent ill effects were

reported by these authors.

The transformation of fibrocyte-lilte cells into mucous cells
as seen in this experiment has not been described before in
fish gills or any other Tfish tissue, although the
transformation of fibrocytes into lyraphocysts in case of
lymphocystis disease is well established. Fratantoni, Hall and
Neufeld (1968) have described the transformation of Ffibrocytes
into mucus-containing cells in patients suffering from Hurlers
and Hunters disease syndrome, as the faulty degeneration of
fibrocytes. This may further explain a possible potentiality
of the mesenchymal cells of the interlamellar epithelium, or

more probably the circulating blood leucocytes to give rise to
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other cell +types under such special circumstances. The
transformation of blood leucocytes into fibroblasts has been
very well established in higher animals (references cited by

Stirling and Kakkar 1969).

The most interesting observation of the present investigation
is that of the absence of tissue lesions in fish subjected to
0.5 mgl"™ UIA. No lesions as seen in control fish or Tfish
subjected to the higher ammonia levels were observed, although
a varying number of fibrocyte cells were seen in their early
non transformed stages, probably representing those that were
initiated and developed earlier at the time of acclimation
only in the basal areas of the lamellae. They were not seen
either migrating up into the lamellae or transforming into
mucous cells, but only remaining at the basal areas of the
lamellae, thus leaving the lamellae appearing perfectly normal
except Tfor the presence of fibrocyte cells. However, an
increased mucous cell activity could be noticed as a
generalised response to any low level toxicant, in addition to
a moderate increase in chloride cell numbers in most of the

fish exposed to 0.5 mgl™ UIA.

The absence of tissue lesions in the epithelium of both
filament and lamellae not only indicates that this
concentration of ammonia 1is not toxic to carp, but more
importantly that the presence of ammonium chloride at low
levels may in fact be beneficial against the effect of buffer
seen in the control Ffish. A possible equilibrium or
compensatory state of 1ionic concentrations and the influx-
outflux patterns may be working in a compatible way wherein the

proper 1ionic /acid base balance is maintained due to the
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presence of ammonium chloride*

However, these interesting aspects need further investigation
to definitively answer the questions as to the precise
mechanism of the development of lesions seen in the controls,
and their absence in ammonia treated fish where in the cellular
manifestations took a different form because of the problems
faced by the fish in presence of both buffered water and
ammonia. How the addition of low levels of ammonia to the
buffered dilution water counteracts the effects of buffer needs

to be further explained.

Cellular changes resulting in hyperplastic and hypertrophic
epithelial swellings were only noticeable at 1.0 ragl“* UIA, and
the extent and the severity of these lesions drastically
increased at 1.5 mgl““ UIA both after three days and seven days
of exposure, which is a clear indication of the toxic action
of increased concentration of ammonia on the cellular

structures.

Flis (1968a, 1968b), observed severe necrosis and
disintegration of lamellar epithelium and lamellae in carp
exposed to ammonia concentrations of 0.93-1.25 mgl * UIA over
a 10 day experimental period. The pathology observed by these
authors were very severe and included cell nuclei enlargement,
vésiculation and disintegration, and the total loss of lamellar
epithelium in some areas leaving the capillaries exposed.
Cellular infiltration into the tissues and excessive mucus
secretion was also noticed. Similar but more pronounced changes
were also noticed by the same author after 35 days exposure

of carp to ammonia concentrations of only 0.12 mgl UIA.
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However, in the present study, although severe epithelial
lesions and necrosis were noticed, the lamellar epithelium was
less affected in terms of lifting and its subsequent loss from
the lamellae, as noticed by Flis, (1968a, 1968b). Kuhn and
Koecke (1956) similarly found that the lamellar epithelium was
least affected though other necrotic changes were identical
to those found by Flis (1968a,1968b). The hypertrophic and
hyperplastic nodular swellings seen in this study have not been
reported before in carp. However Smith (1984) found massive
hyperplastic lesions grossly visible on the heads of fathead
minnows (Pimeohales promelas ; Cyprinidae) exposed to high
concentrations of ammonia (1.25 ngl™ UIA) for 50 days. These
lesions consisted of hyperplasia of the primitive meninx tissue
surrounding the brain as a response to high ammonia exposure,
and the severity of the lesions was positively correlated with
the ammonia concentration. The lesions they observed consisted
of a varied cell type in which many swollen cells containing
small nuclei and foamy cytoplasm were seen along with rodlet
cells which were diffusely scattered throughout although often
concentrated at the periphery. These lesions observed by the
above authors seem to resemble the kind of lesions seen in carp
in the present experiments, but in a different organ. Since
carp and minnows belong to the same family, possibly their
tissue reactions and their ammonia tolerance capabilities may
be similar, and this may further indicate a possibility of a
phylogenetic variation as to the differences seen in the tissue

reactions in different fish groups to ammonia.

The infiltration of eosinophilic granular cells has been
described as a characteristic inflammatory reaction to both

acute and sub acute ammonia toxic effect (Kovacs-Gayer, 1984).
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In the present study infiltration of strongly PAS positive
eosinophilic granule cells into the gill epithelium was seen.
Along with these EGCs, infiltrations of mononuclear cells that
stained negatively for PAS were seen not only infiltrating the
gill epithelium but being involved in the processes of the
development of the lesions and necrosis. Although these EGCs
have not been identified by the earlier workers in ammonia
toxicity studies recent investigators have been recognising
their presence and their possible role iIn initiating a
inflammatory reaction in response to toxicant substances.
Hornich and Tomanek (1983) reported the multiplication and
infiltration of eosinophilic granule cells into the stratified
epithelium of carp exposed to water with chlorinated lime as
an inflammatory process. The same authors also reported that
invasion by Trichodina and Chilodonella also induced such an
inflammatory reaction. In the course of my own observations of
diseased carp infected with monogeans or Ichthyophthirius and
in carp suffering from Aeromonas infections, severe
infiltrations of enlarged EGCs were noticed. Therefore it seems
that these EGCs play some important role in the defence
mechanism of the Tfish against infectious agents, or in
alleviating the toxic effects of chemical pollutant substances
including ammonia. In the case of fish exposed to high ammonia
concentrations the EGCs became vacuolar due to the loss of the
contents of the granules, whereas in the control fish although
the numbers of EGCs increased possibly due to the effect of the
buffer, only a few cells iIn the vicinity of cartilage showed
partial vacuolation of granules, whereas the cells with iIn the
epithelium retained intact granules. This indicates a possible
detoxifying, cell |lysing, or osmoregulatory role of the

contents of these granules.
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However, the most pronounced effect of ammonia on the gills was
the proliferation of active and hypertrophic chloride cells on
the lamellae, although their numbers also increased on the
filament and interlamellar epithelium. High ambient unionised
ammonia concentrations iIn water not only causes a passive
influx of NHj, resulting in increased plasma and intracellular
ammonia concentrations, but can stop the passive efflux of
ammonia from the fish (Hampson, 1976; Cameron and Heisler,
1983). Under such circumstances an alternative pathway of
excreting ammonia by way of an active monovalent cation
exchange transport system involving Na’ and NH4* has been
suggested (Colt and Armstrong,1981 ; Cameron and Heisler,1983 ;
Randall and Wright, 1987) based on the earlier works (Maetz
1973; Garcia-Romeu 1964; Girard and Payan 1980) that have
demonstrated the presence of a Na/NH™* Na*/H* exchange system
in the gills, and the ability of NH:.* to exchange for Na*
absorption implicating that this process may significantly
contribute to ammonia excretion. It is also known that at
normal blood pH levels almost 99X of the ammonia exists as
ionised ammonia (\H4*). Therefore the exaggerated chloride cell
proliferation seen at 1.0 and 1.5 mgl*™™ UIA is more likely to
be a direct response to the need to eject NH.* from the blood
resulting from the passive influx of external environmental
ammonia in its molecular form (ONH3) along the water/blood
ammonia gradient, and then being trapped as NH4* in the blood
and body fluids due to their relatively low pH environment.
Thus an alternative mechanism of excreting ammonia against the
diffusion gradient via the gill Na*/K* ATPase seems to be in
effect, as has been suggested (Cameron and Heisler 1983;

Stewart 1983) under high external ammonia conditions as a
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result of elevated blood NH4* and prevention of these methods

of ammonia excretion.

As long as the environmental ammonia remains higher a passive
diffusion of the unionized fraction of ammonia into the fish
is inevitable. Once in the blood a portion of it could be
converted to NH4” thereby maintaining a constant level of NH4’
in the blood, and hence a constant pressure on the chloride
cells across the gill epithelium for the active transportation

in exchange for external Na’ from the environment.

However, continuation of such a single exchange process without
a stop would result in the build up of Na* ions iIn the cells
and body fluids. In the face of such a build up of cellular and
blood sodium concentration, it is suggested that a simultaneous
Na*/H* pump may operate to eliminate excessive Na’ from the
cells and body fluids in exchange for environmental H*.
Although such a Na*/H* pump 1is expected to load the cells and
body Ffluid with excess H* ions, it will more likely be
beneficially utilized for the hydration of constantly influxing
NHj as more and more NH4* is actively pumped out in exchange for
environmental Na*. When both of these exchange processes are
involved simultaneously neither Na* nor H* could be expected to
accumulate in the cells or body fluids and thus a normal
internal fluid pH (hydrogen ion concentration) and osmotic
balance may be effected. A hydrogen ion shuttle inwards would
otherwise tend to lower the blood pH, while a loss of blood or
cellular H* ions would tend to increase the pH, and a constant

Na* ion shuttle inwards may tend to alter the osmotic balance.
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However, under extreme sublethal ammonia concentrations such
as iIn the present experiment, the Ilongevity of this ATP
draining Na*/NH4* exchange process may not be sustainable for
long, and a progressive loss of control of cellular and tissue
physiological functions may ensue, as ammonia has been known
to have both a membrane and metabolic effect (Campbell,1973)
Subsequent degradation and death, as indicated by a range of
cellular changes and necrotic processes in the current study
may further indicate the failure of the chloride cells in their
relentless effort to pump out NH4* and at the same time other

necessary ions leading to eventual poisoning by ammonia.

Although hypertrophy of the gill and lamellar epithelium has
been consistently reported as the characteristic lesion in
ammonia exposed fish (Flis, 1968a,b; Smith and Piper, 1975;
Smart, 1976; Thurston, Russo and Smith, 1978; Cruz and
Enriquez, 1982; Stewart, 1983; Thurston, ef al. 1984)
unfortunately no studies have identified the discrete cell
types involved in this reaction. In the present investigation
chloride cells have been identified as the principal cell type
involved iIn the hypertrophic reaction, at the same time
highlighting the possible importance of these cells iIn ammonia

excretion.

However, such chloride cell proliferation and necrosis has been
noted on the secondary lamellae in fish exposed to acid water
conditions (Leino and McCormick, 1984; Leino etal, 1987), toxic
heavy metal poisoning such as aluminium and acid (Karlsson-
Norrgren et a., 1986a; 1986b; Evans et a., 1988), zinc
(Matthiessen and Brafield, 1973; Crespo etd., 1981; Crespo and
Sala, 1986) and cadmium (Oronsaye and Brafield, 1984; Karlsson-
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Norrgren eta]., 1985).

Similar chloride cell proliferation has also been noted in fish
exposed to deionized or distilled water, and under conditions
of tissue damage due to akin wounds or parasitic gill damage
(Laurent and Dunel, 1980; Mclay, 1985), clearly indicating that
the water quality conditions that result in ion loading or ion
losses are the chief causes responsible for chloride cell
proliferation, the necrosis of chloride cells being directly

related to toxicant effect on them.

Histochemically, increased mucous cell activity was obviously
a conspicuous reaction increasing ammonia concentrations, but
it was not possible to make a more meaningful comparison
between experimental ammonia treated fish and the reference
control fish due to the obvious difficulties faced iIn the

present experiment.

In the control fish, apart from the extensive proliferation of
elongated mucous cells on the lamellae, the gill epithelium in
general reacted drastically, resulting in a mucous cell layer
unusually thicker than the ammonia treated fish (Plate 21). The
lamellar mucous cells that were of specialized elongated type
were restricted in their distribution only to the lamellae and
inter-lamellar region, and were not seen either in the filament
epithelium or in the epithelium that covers the gill arch and
rakers. All other mucous cells were of normal ovoid or
spherical shape, characteristic of the general -carp gill
epithelium. A profuse mucus secretion was evident both on the
lamellae and the filament epithelium in the control Tfish.

Sometimes the overwhelming proliferation of the specialised
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goblet shaped mucous cells resulted in extensive copious mucus
production on the secondary lamellae (Plate 22a and 23a ) often
covering the whole length of the secondary lamellae . Such
goblet shaped mucous cells stained strongly positive for alcian
blue stain at pH 2.5 and continued to do so at pH 1.0,
indicating the predominance of sulphated mucus substances
(Plate 23b ). The mucus from the adjacent lamellae sometimes
coalesced resulting in the sticking together of the
neighbouring lamellae (Plate 23b), thus giving an appearance
of false lamellar fusion in histological preparations. Under
transmission electron microscopy the goblet shaped elongated
mucous cells consisted of well packed discrete electron lucent
membrane bound mucus vesicles (Plate 24a,b), whereas the other
mucous cells of the filament epithelium contained a mixture of
both electron lucent and electron dense vesicles (Plate 26a),

indicative of the differences in their chemical composition.

The significance of this proliferation and migration of the
specialized mucous cells on to the secondary lamellae is
uncertain, but is most probably a protective response to the
phosphate buffer, as the stock fish examined did not exhibit
any such alterations and consisted of normal mucous cell and

lamellar patterns.

Under normal circumstances mucous cells are generally absent
on carp or trout gill lamellae, however, excess mucus extruded
from the mucous cells of the primary epithelium might provide
a continuous protective film of mucus to the secondary lamellae
under instances of infection or irritation. The microridges on
the gill epithelium (which are also present on the secondary

lamellae of some species of fish such as trout) known to help
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in anchoring such a mucus layer to the epithelium (Hughes and
Wright 1970). Unlike trout gill lamellae, carp gill lamellar
epithelial cells lack the microridges, which may otherwise
perform such a function by holding the mucus flowing from the
filament mucous cells. In addition to this disadvantage, the
fact that the [lamellar epithelium in general lacks the
germinative basal layer that may give rise to normal mucous
cell populations, and in the present situation, a possible
necessity for a mucus layer to protect the respiratory lamellae
against the unknown impact of the buffer, might have been the
cause of such an extreme mucous cell proliferation and

migration on to the secondary lamellae.

As already mentioned, the use of buffers in ammonia toxicity
experiments to maintain constant pH levels is increasing, and
in the light of the present experimental results it may well
be necessary to verify the validity of the use of such buffers.
An evaluation of the most commonly used buffers in the toxicity-
studies may be important in furthering their general use in

toxicological studies.

In the case of fish exposed to 0.5, 1.0 and 1.5 mgl’* UIA,
although the mucous cell density was variable within the same
treatment, and within the same gill between different areas,
an increased mucous cell activity could be seen with increasing
concentrations of ammonia, based on extensive histological
observations. No mucous cells could be seen on the Ilamellae
in the case of the fish exposed to ammonia. The increased

mucous cell activity was also associated with an increase in
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Morphologically, as observed with the scanning electron
microscope, three different stages of superficial mucous cell
secretions could be noticed in fish exposed to different
ammonia concentrations. In fish exposed to 0.5 mgl'™* UIA, the
external openings remained normal with occasional traces of
mucus at the openings (Plate 12 ). The mucous cell openings in
the case of 1.0 and 1.5 mgl"™* UIA were more distorted and a
majority of the cell openings at 1.0 mgl*™™ UIA had their
openings plugged with thick mucus of a non-copious nature
(Plate 13 ). At 1.5 mgl'* UIA, such cells hardly retained the
mucous plugs and a majority of such openings had distorted

openings lacking any mucus plugs (Plate 14).

The mucous cells appeared exhausted in the control fish and
their external openings were similar to those of the high
ammonia exposed fish, but no thick mucus plugs could be seen
in such cells indicating that they were secreting a copious
mucus as was obvious from the thin mucus layer observed in some

areas under the scanning electron microscope (Plate 25a,b).

Ultrastructurally the mucous cells at high ammonia
concentration (1.5 mgl"™* ) showed necrotic changes (Plates
26b,and 27a,b).The integrity of the individual mucus vesicles
of the mucous cells were broken before the cells could reach
the surface, resulting in small aggregations of mucus debris
and vacuoles within such cells. Such changes could also be seen
in the surface mucous cells, which was a clear indication of

necrosis of mucous cells as a result of ammonia poisoning.

The other pathological changes of significant importance

noted in the epithelium in general such as the condensed
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cells,and cells under going pyknosis and other nuclear
changes (Plates 15,26b,28), appears to due to the direct effect
of ammonia on the cellular metabolism. Necrotic changes noticed
in the epithelial cell such as the vacuolations in the
cytoplasm,and the appearance of dark inclusions (Plate 29),
seems to be due the interference of ammonia in the metabolism

of cellular organelles (Campbell,1973 ; Chow and Pond,1972).
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Plate 22.

(@ Photomicrograph from the transverse section of the
control carp gill filaments after seven days exposure
exhibiting lamellae secreting profuse mucus, covering almost

the entire length of the lamellae (@rrowed)(PAS, 600X)

(b) Photomicrograph of a control carp gill section stained
with combined Alcian Blue and PAS stain at pH 1.0 after
seven days exposure. Note the strong affinity of the goblet
shaped specialized mucous cells to Alcian Blue while the
EGCs are strongly PAS positivelarrowed). (PAS/AB pH 1.0,
1500X)
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Plate 23. SEM of the lamellae from the control carp after

seven days in phosphate buffered dilution water.

(@ Note a thin mucus layer on the lamellae probably

produced by the lamellar mucous cells 4500X

(b)Occasional adhesion sticking of the adjacent lamellae due

increased mucus production on the lamellae.
in the process of mucus

(arrowed) (SEM, 2300X)

to an

Note specialized mucous cells

secretion on one of the lamellae
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Plate 24.

TEM of the lamellae from the control carp gills after seven

days.

(@ Note the migration of cells that look like fibroblasts
(arrowed) and cells in the process of accumulating mucus
vesicles as they ascend up into the lamellar epithelium

(arrow heads) (4546X).

() A fully transformed mucous cell opening to the exterior
(arrowed) with its tail end enclosing the nuclei. Note the

predominance of the electron lucent mucous vesicles within

these mucous cells. (4741X)
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Plate 25. SEM of the mucous cell reaction on the filament
epithelium of the control carp examined after seven days of

exposure iIn phosphate buffered dilution water.

(@ Increased mucous cell activity is indicated by the
appearance of numerous mucous cell openings on the filament

epithelium, and their exhaustion (SEM, 120X)

(b) At higher magnification the epithelium appears unevenly
shrunken, probably due to the exhaustion of numerous mucous

cells Just below the Malphigian cells (SEM, 850X).
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Plate 26.

a) TEM of two adjacent mucous cells from the control carp
gill filaments after seven days exposure, showing normal

mucus vesicles with a predominance of electron lucent

vesicles and a few electron dense vesicles (7640X).

(b) TEM of the gill filament epithelia from carp exposed to
a high concentration of ammonia (1.5 mgl*~ UIA) for seven
days showing the occurrence of more electron dense mucus
vesicles and a low density of electron lucent vesicles. Note
the condensation of a necrotic mucous cell (big arrow) and

a focal necrosis of mucus vesicles (small arrow) (4800X).
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Plate 27.

(@ A photomicrograph of the carp gill epithelium from the
tip of a filament exposed to 1.5 mgl““ UIA for seven days.
Note vacuolation (small arrows)and clumping of the mucous

cell contents (arrow heads) (PAS, 600X)

(b) TEM of necrotic mucous cell from carp gill epithelium

after seven days exposure to 1.5 mgl™» UIA. Note the

clumping of mucus vesicles and their flocculant contents

(arrowed) along with normal looking electron lucent mucus

vesicles (13760X)






Plate 28.
(@) SEM of the lamellae from carp exposed to 1.5 mgl™ UIA
showing a necrotic cell within the lamellar epithelium. Note
the normal nuclei of a non differentiated cell while the
adjacent cell shows breakdown and lysis of the nucleus
(arrowed). Also note the normal pillar cell (PC) and the

red blood cell (RBC) (7692X).

(b) SEM of a filament epithelium from carp exposed to UIA
concentrations of 1.5 mgl*™~r for seven days showing a
condensed, darkened necrotic cell with hardly any
identifiable subcellular structures. Also present is a
necrotic chloride cell, normal and degranulating EGCs

(4,850X)






Plate 29.
SEM of an epithelial (Malpighian) cell undergoing necrotic
changes in the Cytoplasm . Note the normal nuclei, increased
number of Cytoplasmic vacuoles, dark inclusion bodies and

the reduction in the microridge hight (arrowed). 4900X






The rodlet cells that were noted in the present experimental
carp gills have also been described by various workers in
different organs of fish including gills, kidney, intestine
olfactory and pharyngeal epithelia, bulbus arteriosus, heart,
liver, gonads, menings, brain, spinal chord, and eye
(Bannister, 1966; Leino, 1974; Desser and Lester, 1975; Flood,
Nigrelli and Gennaro, 1975; Mattey, Morgan and Wright, 1979;
Karlsson, 1983; Smith, 1984; Martinez, 1987). However, their
distribution with respect to sites and numbers to vary between
and within species, often according to season, crowding or
ionic concentration of the water (Leino, 1974).Although the
precise nature and function of such cells is still obscure, the
controversy as to whether these cells are a type of parasite
initially described as Rhabdospora thelohani. by Laguesse
(1906; cited by Bannister 1966) who believed them to be the
sporocyst stages of a sporozoan parasite, as later supported
by Bannister (1966), or a type of epithelial, endothelial or
connective tissue cell as suggested by later workers, remains

unresolved.

However, the apparent lack of host and tissue specificity of
the rodlet cells, and the fact that these cells were present
in the gills of swordtails even immediately after their birth
(Leino, 1974) suggested that they are not parasitic. Such a view
has been upheld by later workers such as Desser etal., (1975)
and Mattey et al., (1979) based on their extensive electron
microscopical studies dealing with the structure and
development of rodlet cells iIn two different Tfish species.
Since these cells are usually found in tissues such as

epithelium (gill and intestinal) & endothelium, sites suited
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for secretion into blood, body cavities or external nilieu,
they have been implicated in an osmoregulatory function (Mattey
et al., 1979). Under the present experimental conditions the
rodlet cells visibly increased in the fish exposed to ammonia,
indicating a probable osmotic role as suggested by Mattey et ai.
(1979). However, the loss of the rodlets at 1.0 mgl"™” ammonia
concentration and the disappearance of these cells at

1.5 mgl'"™ UIA concentration, may indicate a release of the
contents of the cell and their subsequent loss as a consequence
of the effect of high ammonia. Mattey etai. (1979), based on the
observation that the rodlet cells were virtually absent when
the fish came from dilute sea water as compared to those that
came from fresh water, indicated that changes in osmotic
pressure may cause secretion of rodlet saclcs or the loss of the

whole cell.

Unlilce the present experimental observations of the rodlet
cells of carp, the rodlet cells from the epithelial tissues of,
Dicentrarchus labrax (L) stain positive Tfor PAS staining.
Therefore Mattey etal. (1979) suggested that they may also have
functions similar, or complimentary to, mucous cells as

suggested by Leino (1974).

Since in the present experiments the rodlets were only seen in
various connective tissues of the gill arch that supported
the blood vessels, and that of tissues of the septal region,
and not in the TFfilament or lamellar epithelium this may
suggest that their secretions might play an osmotic role

rather than that to do with the mucus.
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Smith (1984) who reported severe hyperplastic swellings in the
primitive meninx of fathead minnows exposed to extremely toxic
levels of ammonia also noted an increased number of rodlet
cells in these brain lesions, which once again indicates a
possible role of these cells in ammonia toxicity. Further
experiments will be necessary to throw more light on these

aspects.
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5.1.INTRODUCTION

The purpose of this study as already outlined in chapters 1
k 2, was to exaaine the effects of ammonia at both near lethal
and sublethal concentrations on the gill pathology of trout and
to provide a comparison with those of the lesion types that
have already been described by various workers. These
experiments were also aimed at providing a comparative account
of the gill pathology in trout with respect to the changes

already noted iIn the carp experiments (Chapter 4).

5.2. MATERIALS AND METHODS

Initially young rainbow trout, Salmo gairdneri (Richardson),
destined to be used iIn ammonia exposure experiments were
obtained from a commercial trout hatchery after prior
histological examination and confirmation of normal gill
structure. These fish were maintained in 1 n* fibreglass tanks
in an existing water Tflow through fish holding facility
receiving water from a public tap water supply at ambient
temperature conditions. The fish were fed with commercial trout

pellets twice daily.

Prior to the experimentation and after a month’s maintenance
in this system, a sample of 10 fish were processed for
histological and scanning electron microscopical examination
so as to obtain an initial assessment of the stock fish gills.
These observations revealed that the fish suffered from severe
lamellar fusions, hyperplasia and hypertrophy (Plates 30a,b,
c and d). Maintenance of the fish in the same system for a
further one month did not lead to any improvement in the gill

structure, and the lesions were consistently present.

126



Plate 30.
SEM of trout gills aaintained in a water flowthrough system
receiving tap water as the main supply for a period of one

month.

(@) Severe hyperplasia and fusion of the lamellae. 350X

(b) A higher magnification view of the fused lamellae showing

the perfect fusion of the lamellar epithelium. 1800X

(©) Severe lamellar fusion resulting in the fusion of a series

of lamellae. 1050X

(d) SEM of the severe hypertrophy noted in the same fish after
one month. 1200X
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The water quality paraBeters aeasured such as amaonia and
nitrite, remained well below the recoamended safe liaits. The
dissolved oxygen levels varied between 7.5-8.7 agl™, but
considerable fluctuations in pH were noted during this period
varying between 5.5 and 6.8 . Occasional mortality of one or two
fish iIn soae tanks could not be attributed to any parasitic

infections.

However, froa enquiries made of the Water Board it was
suspected that the aluainiua-based chemicals used in the water
treatment were the possible cause of these gill alterations,
and at the same time responsible for the reduction in water pH,
although the presence of chlorine coapounds normally used in
the water treatment was not rejected as another possible factor

leading to gill hyperplasia (Mitchell and Cech 1983).

Whatever the ultimate cause of these gill alterations shown by
histological and scanning electron microscopical observations,
it was decided that the public water source was unsuitable for

either holding fish, or for the purpose of experimentation.

Thereafter for all experimental purposes, the fish were
obtained only a week prior to experimentation, and were
directly transferred into the acclimation tanks containing

synthetic dilution water.

5.2.1 EXPERIMENTAL ANIMALS
The source of experimental trout and their maintenance prior
to experimentation are detailed in chapter 3.

Young rainbow trout used throughout these ammonia toxicity
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experiments came from different trout hatcheries in Scotland,
as and when required. Fish from a single stock were used at any
one time 1in a particular experiment to maintain a uniform
population in all the treatments.Two experimental trials; trial
1 and trial 2, were carried out independently using two
different fish stocks at two different periods of the year.
Fish weighing 14.36 grams (*x SD, 5.15) and measuring 12.01 cms
(= SD, 2.31) were used in the first trial, whereas the trout
used iIn the second trial weighed 16.03 grams (t SD, 3.00) and
measured 11.92 cms (= SD, 0.64).

The objectives of these experiments were as set out in chapter
1 and with similar experimental procedures as outlined in
chapter 4 for carp, to investigate the effects of ammonia on
trout gills, and to provide a comparative description of the
changes in the trout gills to those seen in the carp
experimental trials. Changes that were made in the experimental
conditions were those of temperature and hardness. Unlike carp,
trout being a cold water fish, a temperature value appropriate
to this species was adopted, which is usually 15 = 2°C (APHA,
1980). Since the trout obtained from the commercial trout
hatcheries were reared and maintained at a water hardness of
approximately 25 ppm as CaCOj, typical of Scottish riverine
waters, a similar hardness water was adopted for use in these
trials. A 25 ppm hard synthetic dilution water was made up by
mixing appropriate amounts of dilution water stock solutions
in deionized distilled water as outlined in chapter 4. The use
of a water of 25 ppm hardness or 250 ppm hardness has been
recommended for experiments with rainbow trout by the Ministry

of Housing and Local Government (1969).
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5.2.2 EXPERIMENTAL SYSTEM

The experiaental systea consisted of static glass tanks of
specifications provided in chapter 4, with similar water
holding capacity, each tank being used to hold 85 litres of
dilution water. The experiaental setup was identical to the
carp experiaents except that no subaersible heating coils were
required, as all the tanks were maintained in a constant
temperature room where the water temperature remained constant

at 15°C.

5.2.3 TEST WATER

The dilution water used was of 25 mgl“* (or ppm) hardness as
CaC03.To provide constant pH throughout the experimental
period, the dilution water in all the experimental tanks was
buffered with 0.01 M phosphate buffer by addition of
appropriate amounts of di-sodium hydrogen orthophosphate and

sodium di-hydrogen orthophosphate.

5.2.4 ACCLIMATION AND EXPERIMENTAL PROCEDURE

For the reasons indicated earlier, soon after arrival the trout
were transferred into acclimation tanks containing synthetic
dilution water and there was no intermediate holding in the tap
water. Fish were acclimatized to 25 ppm hard dilution water for
6 days,and the water in these tanks was partially changed every
day with freshly prepared ammonia free dilution water. Twenty
four hours prior to the experimentation, all the experimental
fish were also acclimatized to buffered dilution water at the

same concentration as used in the experimental tanks.

130



5.2.5 AMMONIA CONCENTRATIONS TESTED

In the experiacntal trial 1, two ammonia concentrations at 0.23
mgl"™* UIA and 0.31 mgl““ UIA were tested along with one control
treatment. As the reactions of the fish noted in the
experimental trial 1 were relatively mild, a second trial was
carried out under identical experimental conditions but at
elevated ammonia concentrations. The second trial was aimed at
extending the results of trial 1. The concentrations of
ammonia tested in the second trial were 0.43 mgl"™ UIA and 0.57

mgl'™* UIA, with one control treatment.

5.2.6 REPLICATION

At all the concentrations of ammonia tested, a duplicate set
of tanks was used. Similarly in both the trials a duplicate set
of control tanks was used.

5.2.7 NUMBER OF FISH AND THEIR DISTRIBUTION

Ten fish were used in each experimental tank and hence twenty
fish tested at each concentration. Fish were randomly
distributed to the experimental tanks. Fish were netted with
soft meshed shallow nets, taking care not to chase the fish.

5.2.8 EXPERIMENTAL DURATION AND SAMPLING INTERVALS

Each experimental trial was carried out for 7 full days, 50X

of the fish in each tank being sampled at the end of day three.

131



and the rest at the end of day seven. Periodical observations
of the behaviour of fish were made and the aortality of the

fish was noted as and when It occurred.

5.2.9 MEASUREMENT AND ANALYSIS OF WATER QUALITY

The methods of aeasureaent of water quality parameters were as
outlined in chapter 3. The frequency of measurement of various
water quality parameters such as ammonia, nitrite, pH,
temperature, hardness, alkalinity, and conductivity were

similar to those in chapter 4.

5.2.10 TISSUE SAMPLING

The TFirst two gill arches from any one side of each fish
sampled from a treatment tank were fixed together for electron
microscopic studies. Thus there were two groups of tissues,
comprising all the first and second gill arches of the fish
sampled on day three and all the first and second gill arches
of the fish sampled on day seven. A sub-sample of 3 to 4 halved
or whole gill arches were used for SEM, whereas 3 to 4 small
areas from each of these groups were used for blocking out for
TEM studies. For light microscopic histological studies, 4-6
gills from each fish sampled, both on day 3 and day 7 were
processed and sectioned separately. This enabled the

examination of each fish separately at both sampling periods.

Since histological examination was extensive, only a small
number of sub samples were examined using electron microscopy.
The method of fish anaesthetization and the procedures followed

for fixation and processing of tissues for both electron
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Microscopy and light microscopy wax embedding are as outlined

in chapter 3.

All the gills fixed and processed for wax embedding were
sectioned and stained with various stains for both general
observation and for the histochemical differentiation of mucous

cells and eosinophilic granular cells.

A gualitative assessment of the observations from both trial

i and trial 2 was provided.

5.3 RESULTS
5.3.1 WATER QUALITY

The water quality parameters measured during the experimental
trials 1 and 2 are tabulated 1in Table 5.1 and 5.2
respectively. Throughout the experimental period the ammonia
concentrations in ammonia treated tanks remained almost
constant. Although slight increases were noticed in the total
ammonia concentrations of the control tanks over the
experimental period, the mean values of ammonia did not differ
vary much between the +two vreplicate control tanks. The
calculated unionized ammonia values for control tanks remained
relatively low and well below the recommended '"safe” levels
of 0.016 mgl*™> UIA of U.S. Environmental Protection Agency
(1976) and 0.021 mgl-“ UIA recommended by EIPAC (1970).
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5.3.2 MORTALITIES AND BEHAVIOURAL OBSERVATIONS

No fish aortalities occurred iIn either of the two aaaonia
concentrations tested in trial 1. Initial hyperactivity and
hyperexcitability were noted during the first 2 days, while on
later days fish were more noraal in their behaviour. Neither
abnoraal swiaming nor neurological signs were characteristic

at these levels of aaaonia.

However, in trial 2 severe neurological signs were noted at
both concentrations of aaaonia tested (Plate 38). Frequent
erratic and burst swimming patterns with occasional spinning
and spiralling was more common at 0.57 mgl*™* UIA than at 0.43
mgl*~ UIA. Three fish from one of the replicate tanks at 0.57
mgl*< UIA died between 48-96 hours, whereas two fish totally
lost their balance and settled to the bottom showing only
twitching movements and occasional spinning or spiralling

movements.

In the second replicate tank at 0.57 mgl** UIA, two fish were
found dead on day 2, whereas one fish remained on the tank,

bottom paralysed and unable to swim.

These fish with severe neurological signs remained alive and
active at the bottom of the tank most of the time laying flat

or curved for the rest of the experimental period.
In general, rainbow trout were more sensitive and reacted very

vigorously with more severe neurological signs than common carp

at the highest levels of ammonia tested.
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During the initial 24 hours of exposure the fish ventilated
faster and aore actively, which coincided with their severe
splashing aoveaents, but their opercular aoveaents seeaed to
noraalize later. However, in fish exhibiting severe
neurological signs the breathing frequency was very auch slower

with frequent coughing activity.

5.3.3 HISTOPATHOLOGY

Gills froB the control fish subjected to only buffered dilution
water did not show any recognisable histopathological changes
under light microscopic observations. The filament and the
lamellar layout was normal (Plate 31). No hypertrophied
chloride cells could be seen on the lamellae although
occasional chloride cells could be seen in the interlaaellar
region. The epithelium covering the laaellae consisted of
flatter and thinner squamous type epithelial cells with no
apparent sign of swelling. The non differentiated cells seen

on the sides of pillar cells appeared normal.

The Bucous cells in the control fish contained noraal
structural features (Plate 34). However, their density on the
filaments, gill ralcer and gill arch epithelium was quite
variable. Soae areas contained large numbers of multiple rows
of mucous cells, whereas in some other regions they were found
in a single layer with other immature and maturing cells lying
within the basal and mid epidermal regions in the case of gill
arch epithelium. Mucous cells were generally absent on the
lamellae, although occasional cells of very small size could
be visualized in histological sections stained with either

alcian blue or PAS stains or a combination of both.
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Eosinophilic granular cells were present infrequently in the
control trout gills, but were not as dense as in the control
carp gills. Their presence was particularly seen around the
gill filament cartilaginous rod, especially at the base and at
the tip of the filament. Smaller and elongated EOCs were seen
sparsely spread along the length of the cartilaginous bar
amongst the collagenous and the Tfibroblast cells. Their
presence in the filament epithelium proper was rare. Similarly
they were found in very small numbers in the gill septal and

connective tissue regions (Plate 37a).

Apart from these normal structural components no alterations
in the cellular structure could be seen in the control fish

gills.
HISTOCHEMISTRY OF MUCOUS CELLS AND EGCs

The eosinophilic granular cells of trout gills, although
staining distinctly with the haematoxylin and eosin stain, did
not take up the PAS stain, unlike the EGCs of carp gills. They
wAre also negative for alcian blue stain at different pH

levels.

The mucous cell staining characteristics were different in
different regions of the gills. When stained with either PAS
or AB (pH 2.5) alone all the mucous cells stained positive but
with the combined AB pH 2.5 and PAS stain a majority of the
mucous cells on the arch and gill raker epithelium stained more
with AB and less with the PAS stain. The mucous cells on the
filament epithelium contained more PAS positive material than

the AB positive substances (staining blue-pink).However, when
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the tisBuea were atained with AB,pH i.0 and PAS in coabination,
the Bucoua cella continued to atain PAS poaitively, and only

rarely waa AB atain taken up by any of the cella (Plate 34).

HISTOPATHOLOQICAL OBSERVAT IONS AT VARIOUS AMMONIA
CONCENTRATIONS

(@) AT 0.23 agl™ UIA

When coapared with control gilla a aoderate increaae in the
nuaber of chloride cella waa obvioua on the laaellae and within
interlaaellar areaa. A clear awelling of theae chloride cella
waa noticeable in the hiatological aectiona, although aome
laaellae ahowed noraal flat epithelial cella in aoae areaa of
the aectiona. However, no recognizable necrotic changea were

aeen in theae chloride cella.

An increaae in the nuaber of EOCa waa alao notable at thia
aaaonia concentration. Such an increaae waa noticeable all
along the length of the -cartilaginoua gill bara of the
filaaenta, in cloaer contact with the gill cartilage than with

the filaaent epitheliua.

Increaaed nuabera of aucoua cella were preaent on the gill
epitheliua in general, but due to the conaiderable variationa
in their denaity froa one area to another, and froa one fiah
to the other, a clear coapariaon waa not poaaible. Profuae and
copioua aucoua aecretiona were aore clearly aeen on the
epitheliua in gill aaaplea taken on the third day than thoae

taken on the aeventh day.
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No alteration in the .....s cells were seen at this Ilow
concentrations of anaonia. The aucus pockets or the globules
of aucus within the aucous cells reaained clear and intact in
the epithelial layers, and a clearly viscous aucus was seen in
actively secreting aucous cells. No flocculations or
vacuolations could be seen in the aucous cells at this aaaonia

concentration.

Thus cellular alterations were absent at this of aaaonia

concentration.

(b) AT 0.31 agl-" UIA

An increased nuaber of chloride cells was uniforaly represented
on aost of the laaellae, although the necrotic changes in the
chloride cell were rare at day 3 (Plate 32a). The incidences
of the appearance of pyknotic and necrotic chloride cells

increased in fish gills exposed up to day 7.

A characteristically notable change at this level of aaaonia
was the appearance of saall vacuoles within the cells and aaong
the cells of the gill epitheliuva, typically representing
spongiosis as a result of inter and intra-cellular oedeaa. Such
spongiosis and inter and intra-cellular oedeaa of the
epitheliua was found to be increasing between day 4 and day 7.
Such lesions were easily recognisable in histological sections
as clear spaces within the epitheliua (Plate 35a ). Such
cellular vacuolation was present in the laaellar epitheliua and

areas of the arch epitheliua.
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A Boderate to increased vacuolation of aucous cells was noticed
in the day 3 and day 7 gill saaples respectively, in both gill
arch and filaaent epitheliuB. Such vacuolation of the v.cous
cells was not only seen in the superficial layer of the
epitheliuB, but soae tines also in cells of the deeper layers,
probably in their ianature or aaturing stages (Plate 35b).

Clear »....s cell hypertrophy was also seen on the filaaent
epitheliuB. The vacuolations of the aucous cells as noted above
were due to the flocculation or clunping of the sucous
vesicles within the ,....s cells, resulting in enpty spaces and

SBaller accuBulation of aucus debris.

(©) AT 0.43 AND 0.57 agl** UIA

The basic pathological changes seen at all higher levels of
aBBonia (ie. 0.43 and 0.57 Bgl* UlIA) were the saae, but the
extent of these <changes were greater at the highest
concentration of aBBonia, and at a given concentration of
aBBonia these changes were seen to be increased in the day
eight saaples. The characteristic changes were severe
proliferation, hypertrophy and necrosis of chloride cells
(Plate 32b,34a), increased cellular oedesa and vacuolation of
the epitheliuB (Plate 33b), :....s cell hypertrophy and
vacuolation of .....s cells (Plate 36), and increased

infiltrations of eosinophilic granular cells (37b,37c).

Apart fron these above Bentioned changes, extensive
infiltration of cells, histologically noticeable as SBall cells
with little cytoplasBic content and dark staining nuclei
(resesbling lyBphocytes), was seen in the epitheliuB and

interlaaellar areas.

141



Plate 31.

A photonicrograph of the control trout gills after one week in

the phosphate buffered dilution water.

(@) Perfectly norsal control gills with no apparent effect of

the phosphate buffer( H&E, 600X).

(b) Photonicrograph of the control trout lamellae showing
normal lamellae with a thin layer of lamellar epithelium.

(HAE , 1500X)
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Plate 32.

(@ A photomicrograph of rainbow trout lamellae showing severe
chloride cell proliferation as seen after 7 days exposure to

0.31 and 0.43 mgl* UIA concentrations. 1500X

() A photomicrograph of the lamellae from trout gills exposed
to 0.43 mgl*™> UIA after 7 days experimental period. Note the
necrosis of chloride cell (arrowed) ( H&E, 1500X)
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Plate 33.

(@ A photomicrograph of the lamellae of trout exposed to 0.57
mgl'™* UIA for seven days. Note the necrotic changes in the

lamellar chloride cells (arrowed). 1,500X

(b) Severe epithelial vacuolations in the lamellar and
filamental epithelium (oedema) at 0.57 mgl'™ UIA after 7 days
exposure. 1500X
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Plate 34.
A photomicrograph of the gill arch epithelial mucous cells of

control trout after 7 days of experimentation.

(@ Normal mucous cells staining blue-pink in combined Alcian

blue and PAS staining at pH 2.5 (375X).

(b) A photomicrograph of the same section as above stained with
combined Alcian blue and PAS at pH 1.0 showing the predominance

of strongly PAS positive mucous cells indicating the

predominance of sialated mucus (375X).
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Plate 35.

(@ A photomicrograph of the trout gill epithelial mucous cells

from fish exposed to 0.23 mgl* UIA for seven days. Note

normal mucous cells and mild oedema of the epithelium (arrowed)

( PAS, 600X).

() Gill epithelium of trout exposed to 0.4 mgl*™> UIA showing

flocculated mucous cell contents and mild hypertrophy, also

note mild oedema. 600X
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Plate 36.

(@ A photoBicrograph of the trout gill epitheliun exposed to
0.5 Bgl*® UIA for seven days showing severe ..:... cell
vacuolations and flocculation of ..... Baterial Iin sections

stained with coBbined AB/PAS at pH 2.5 (375X).

() Trout gill arch epitheliuB showing the cellular
vacuolations and flocculation of ..... cell contents at 0.57
Bgl“* UIA for seven days, (No changes in the histocheBistry
of the BUCOUS cells can be seen froB those of the control

treatBents) (375X).

() A SEM of the trout gill filament, exposed to 0.43 mgl"* UIA
for seven days showing exhausted bucus cells on the filament

epithelium (600X).

(d) SEM of the trout gill filament exposed to 0.57 mgl"* for
seven days. Note severe exhaustion and resulting damage to the

gill epithelium (1200X).
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Plate 37.

(@) A photonicrograph of the control trout gilla showing nornal
distribution of the eosinophilic granular cells in the
connective tissues (arrowed) after seven days of experimental

exposure.( HAE, 600X)

() Increased infiltration of the EGCs into the connective
tissues after seven days exposure to 0.43 mgl™* UlIA.

(HAE , 1500)

(©) Severe infiltration of the EGCs into the gill connective
tissues and their progressive degranulation and necrosis at

0.57mgl*~ UIA after seven days exposure. (HAE,1500X)
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Plate 38.
Behavioural responses of trout in phosphate buffered

experiment.

a) Control trout, note the normal behaviour of the fish in the

experimental tanks.

b) Trout exposed to 0.43 mgl* UIA exhibiting loss of

equilibrium and neurological signs.

c)Trout exposed to 0.57 mgl*™* UIA exhibiting loss of

equilibrium and severe neurological signs.
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Due to an overall increaaed cellular activity resulting from
chloride, mucous and eosinophilic granule cells, the primary
lamellae appeared relatively thicker than the control gills,
although the lamellae were conspicuously thickened due to the

proliferation and swelling of chloride cells on the lamellae.

At higher concentrations of ammonia ie. 0.43 and 0.57 mgl~ the
EGCs were also found in large numbers in the connective tissues
of gills and in the septal regions. Necrosis of EOCs was also
noted in these tissues. Infiltration of EQC’s into the primary
(or filamental) epithelium was less, but their numbers
increased within the vicinity of the cartilaginous gill

bar,lying amongst loose fibroblast cells.

Although no epithelial damage could be visualized under light
microscopy, scanning electron microscopy revealed the presence
of severely distorted and widely open exhausted mucous cells
in patches (or in groups) on most of the filamental epithelium
(Plate 36¢,d). Due to increased swelling of the mucous and
chloride cells, the filamental epithelium was unevenly
elevated, but no lesions such as those seen in the case of carp

gills were noticed.

The micro-ridge pattern which was uniform both on the lamellar
and filamental epithelium in the case of trout gills was
unaltered.Filament tips were excessively thickened and showed

severely distorted and increased mucous cell numbers.

Telangiectic lamellae were rarely seen, except for very low
numbers on a few gill filaments, especially those of the short

filaments on either extremity of the gill arches in whole mount
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sections. Since their occurrence was only rare, and was
soaetimes also noted in a few of the controls, they were not
thought to bear any relationship to the ammonia treatment. No
rodlet cells were noticed in the trout gills, either in the

normal control Tfish or in any of the ammonia exposed trout.

5.4_DISCUSSION

From the results of trial 1 and 2 in the present experiments
on trout, It is very obvious that the pathological changes
noted in trout were very much milder than those in the carp,
and some changes that were seen in carp were totally absent in

trout.

The greatest contrast was the absence of any effect of the
buffered dilution water on the trout experimental controls as
opposed to the severe alterations noted in control carp in
experiment 4. The gill structure of trout controls in the
present experiment as observed histologically was normal,
displaying normal filamental and lamellar lay out (Plate 31 )
both after 3 and 7 days of exposure. Neither lamellar swelling,
nor the characteristic infiltrations of different cell types,
as noted in the carp experiments, were seen. Other tissue
alterations noted in the experimental carp controls (Chapter
4.), such as excessive tissue hyperplasia and severe thickening

of the filamental and lamellar epithelium, were absent.

These results indicated that under relatively identical water
quality conditions as generally adopted in toxicological
studies, the reaction of gills of different fish species gills

were very different.
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Although such reactions are difficult to interpret, these
differential reactions to near identical water quality
conditions by carp and trout aay explain possible adaptations!
variabilities,and different biocheaical and physiological
mechanisBS that enable then to react and adopt to varied

environments in different ways.

It is also possible that trout, being a nigratory fish capable
of undergoing norphological and physiological adaptations for
a life iIn fresh water and then sea water,like other salaonid
fish, might also possess a genetically inbuilt capability for
greater resistance to water containing high levels of dissolved
solids, with appropriate physiological nechanisns and different
subcellular organelles. On the other hand carp being a purely
fresh water Tfish with linited capabilities to tolerate even
slightly brackish water conditions might possess a different
tissue and sub-cellular composition, being physiologically
incapable of withstanding changes in water quality resulting
from a high content of dissolved solids that might upset ionic

balance.

Similarly, the histological changes that were noted at
different ammonia exposure levels in identically buffered
dilution water varied in that the trout manifested limited
histological lesions at their respective acute and subacute
ammonia concentrations, whereas the carp tissue reactions were
more drastic and severe resulting in such lesions as nodular
swelling of the gill epithelium with subsequent necrosis which

was not present in trout.
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These relative differences noted in the severity of aamonia
caused histopathology seems to have also been reflected in the
published literature. As indicated in the works of Flis
(1968a, 1968b) the lesion types and the extent to which the
gills were damaged seem to be of a far more severe nature than
those of the histopathological descriptions provided for trout
by Burrows (1964); Smith and Piper (1975); Smart (1976);
Thurston etai. (1984) and Klontz etal. (1985).

The lesions observed in the present experiments on trout
exposed to various ammonia concentrations are discussed below
with respect to those specific lesions that have already been

recorded for trout and other fish species.

The gill lesions that have been attributed to ammonia in the
past include hyperplasia, hypertrophy and lamellar aneurysms
(telangiectasis) which have been referred to by some as the
characteristic lesions of ammonia exposure. Apart from these,
lesions such as excess mucus secretion, oedema, necrosis of
lamellar epithelium, capillary congestion, dilation of lamellar
blood sinuses, infiltration of leucocytes, epithelio-capillary
separation and cellular vacuolation are the other changes that
have been recorded less frequently in the literature as a
consequence of ammonia exposure. However, in the present study
apart from excess mucus secretion, mucous cell necrosis, and
vacuolation of the epithelium, the changes were less

significant.
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HYPERTROPHY

In the present study the aost conspicuous pathological change
that was associated with the trout gill epitheliua exposed to
different aanonia concentrations was that of lamellar chloride
cell proliferation and hypertrophy Ileading to necrosis.
Although such a change has not been specifically identified by
earlier workers iIn ammonia toxicity studies as chloride cell
proliferation, none the 1less it has been consistently
identified and has been reported as hypertrophy of lamellar
epithelium in trout ( Smith and Piper, 1975; Burkhalter and
Kaya, 1977; Thurston etal., 1978; Thurston etal., 1984; Klontz et
al., 1985). Similar descriptions were also given in studies on
coarse fish (Redner and Stickney, 1979) such as Tilania aurea
under elevated ammonia levels and in the case of milk Tfish,
Chanos chanos. subjected to acutely lethal ammonia
concentrations for 72-96 hours (Cruz and Enriquez, 1982). The
possible reasons why the above authors described this change
only as that of epithelial hypertrophy could have been due to
the following reasons:( a) Since, normally, chloride cells are
restricted to the interlamellar epithelium and to the basal
areas of the lamellae on the filament epithelium, it might have
been a case of possible failure to reason as to why the
chloride cells should appear on the respiratory lamellae of
fresh water fish gills in response to ammonia, (b) Due to the
fact that normal light microscopic histological observations
do not easily allow the identification/characterization of
chloride cells unless concurrent electron microscopical
examinations are also conducted.(c) Thirdly, the later workers
might have described been

interested in drawing their results in line with already
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existing terainology.(4) Finally, chloride cells night not have
been present in the sections examined by various workers,
possibly due to their varied distribution patterns (for example
some times they are only seen on the afferent filament sides
of the lamellae) or due to the limited histological
observations. This non-recognition of chloride cells by the
earlier workers might also explain why no physiological
explanation was provided for such a change noted that it
(hypertrophy) resulted in the thickening of the lamellar
epithelium thereby increasing the diffusion distance of
respiratory gases and hence a reduction in the oxygen
extraction efficiency and a possible reduced penetration of the
toxicant. The osmotic or ion regulatory implications that could
result from ammonia (NHj + NH4*) have not received attention in
the past although the physiological consequences of high
ammonia loading have been well documented in the recent
literature (Armstrong et a. 1978; Cameron and Heisler,

1983;Tucker, 1985; Randall and Wright, 1987) (see chapter 4 ).

The gills of fresh water fishes serve a variety of functions
of which the first and foremost is the exchange of respiratory
gases, a Tunction that necessitates a large and permeable
surface area. As a consequence the gills are also the main site
for the diffusional losses of ions (McDonald and Wood, 1981)
that are compensated by active transport mechanisms which are
primarily localized in the gill epithelium. Various exchange
process such as the Na*/H* or NH«* exchange mechanism, CI""HCoj
or OH* and the uptake of other ions such as potassium and
calcium seem to take place through similar exchange processes
as indicated above at the gills (McDonald, 1983), thus playing

an important role 1in osmoregulation and acid-base balance.
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Finally the gills are also the principal site of nitrogen waste
excretion eaploying a combination of 1ionic and non-ionic
diffusions and exchange against Na*. Thus in this the gills
assume much of the role that is the sole responsibility of the
kidneys of terrestrial vertebrates. Hence it may be important
to consider the functional complexity of fish gills with its
structural delicacy and intimacy with the external environment
in the interpretation of histopathological studies. Therefore,
the effect of ammonia on gills may result in a variety of
disturbances of which the chloride cell proliferation seems to
be one of the most important initial responses. The processes
that result in chloride cell proliferation and the need for the
fish to eject ammonia from the body to survive, have been
discussed in greater detail in chapter 4 on carp and the
response of trout appear to be no different from that of carp
with respect to chloride cell proliferation, hypertrophy and

necrosis.

Chloride cell proliferation, hypertrophy, and/or necrosis have
been reported under a variety of circumstances other than
ammonia exposure. Table 5.3 lists such studies, clearly
emphasing the sensitivity of the reaction and the significance
of the problem of 1ionic and osmotic disturbance at the gill

surface caused by various chemicals.

Although many questions relating to the role of chloride cells
in each of the specific situations listed in Table 5.3 are not
fully answered, the general concensus is that they are involved
in either ion depletion or ion loss from the body fluids (such
as exposure to deionized/distilled water, gill damage to

parasites, skin wounds, acid stress), or in additional loading
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of unwanted ions of various chenical pollutants of both heavy
metal and inorganic origin (heavy metal salts of Cd, Pb, Zn,
Co, Al and inorganic salts of ammonium and nitrite) that
usually result in ion gradients due to their dissociation
properties and build up in the physiological fluids of the fish
body. This probably indicates a complex ion regulatory ability
of chloride cells under situations of acute osmotic stress and
thereby the maintenance of homeostasis of the milieu interior
of the fish. However the necrotic changes noted in the present
study, as well as those of others (Table 5.3) in which necrotic
changes were recorded under different treatment conditions, may
indicate the Tfailure of chloride cells to survive under
prolonged toxic conditions leading to biochemical and

physiological degradation finally resulting in death.
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HYPERPLASIA

Gill hyperplasia has been proposed as a coBBon sign of chronic
aBBonia poisoning (Burrows, 1964; Laraoyeux and Piper,1973;
SBith and Piper, 1975; Robinette, 1976; Cruz and Enriquez,
1982). In the present investigation on trout hyperplasia was
not a characteristic lesion indicating that probably
acute/sublethal levels of amBonia are not responsible for such
a lesion. However, the similar absence of gill hyperplasia has
been reported in chronic sublethal studies (Bullock, 1972;
SBart, 1976; Redner and Stickney, 1979) wherein the fish were
exposed to aBmonia for over 30 days. Mitchell and Cech (1983)
also failed to produce gill hyperplasia in adult channel
catfish exposed to aBmonia at 0.58 = 0.18 Bgl ™~ UIA for 38
days, but when the fish were exposed to a combination of
ammonia and the residual chlorine compound, monochloramine,
severe hyperplasia resulted. Hence these authors concluded that
use of public tap water containing low levels of chlorine (even
typical of charcoal filtered public water) iIn ammonia toxicity
studies could result in severe gill hyperplasia. Based on these
results they speculated that the severe hyperplasia reported
by Robinette (1976) in channel catfish was as a result of the
combined effect of ammonia and residual chlorine
(monochloramine) rather than due to ammonia alone, as Robinette
(1976) used a charcoal filtered public water supply. Mitchell
and Cech ( 1983) have also further suggested that the gill
hyperplasia observed in salmonid studies (Burrows, 1964;
Larmoyeux and Piper, 1973) designed to test a water reuse
system could have resulted from elevated levels of bacteria and
particulate matter rather than a direct effect of ammonia.

However, recent studies by Soderberg etal. (1984), Thurston et
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al. (1984), Klontz étal. (1985) and Soderberg étal. (1985) have
further reported hyperplasia reconfiraing the earlier results

that anaonia results in gill hyperplasia.

Although these results lead one to think aore sceptically, the
possibility of prolonged chronic exposure to aaaonia causing
epithelial proliferations cannot be totally rejected. Elevated
levels of aaaonia are definitely capable of initiating a
chloride cell proliferation, leading to their necrosis within
a short period of tiae, and a prolonged chronic exposure aay
lead to such changes aore slowly. When the chloride cells start
necrosing, gill tissue aay respond not only to augaent the
chloride cells but to increase the epithelial thickness due to
the possible breach of osaotic balance as a consequence of gill
daaage (Laurent, 1984) and therefore hyperplasia of the

epitheliua aay result.

Oill hyperplasia as a result of aaaonia exposure was rejected
by Daoust and Ferguson (1984) based on their experiaents
lasting for 84 days at 0.45 agl"~ UIA on rainbow trout, and
also by Mitchell and Cech ( 1983). However the fact that both
of these authors declared that aaaonia does not cause any gill
pathology at all in their respective study species is contrary

to previous author"s results.

Froa the present observations it was noted that whether one is
exaaining hyperplasia or hypertrophy, it aay not be uniforaly
present all along the length of the laaellae or filaaents.
Hence unless large nuaber of gill saaples are sectioned at
different depth planes and exaained, liaited histology aay not

always reveal such changes.

162



In cases where only snaller pieces of gills are saapled for
histological sections such changes nay be totally lost. For
example Redner and Stickney (1979) reported histopathological
changes in aaBonia exposed tilapia gills based on observations
from a single fish sampled from each treatment and such
observations may not represent the true picture of

histopathology.

In the present study at least a minimum of 4 gills from each
individual fish were blocked together and sections taken at
various depths of the whole mount of the gill tissues were
examined. A minimum of ten fish were examined at each treatment
level . The current observations did not reveal any hyperplasia
of the epithelium due to ammonia in this study, although
proliferation and hypertrophy of chloride cells was

conspicuous.

TELANGIECTASIS

Telangiectasis did not form a recognisable and significant
lesion in the present study. However, a few occasional lamellar
dilations (telangiectic lamellae) were noticeable in a few fish
gills,but such findings occured in both control and treatment

fish.

Most TFfish gills were devoid of any Jlamellar dilations
indicating that such lesions were not caused as a direct
consequence of ammonia. When rare telangiectic lamellae were
present, most often they were found on the short filaments on

either ends of the gill arches in whole mount sections.
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The presence of telangiectasis or gill la»ellar dilations or
aneurysms as referred to by various workers have however been
reported by several workers as a consequence of ammonia
exposure (Bullock, 1972; Larmoyeux and Piper, 1973; Smith and
Piper, 1975; Cruz and Enrignez, 1982; Thurston etal. 1984 and
Soderberg et a7. 1985). However, recent workers (Herman and
Meade, 1985; Crespo etal. 1988) have indicated that such lesions
are probably due to mechanical stressors such as killing the
fish by a blow on the head (which some of the above mentioned

authors adopted) rather than due to ammonia.

Smart (1976), in his ammonia toxicity studies lasting for 21
days on adult rainbow trout, in which the fish were killed by
a blow on the head, reported telangiectasis as the most
characteristic feature of chronic ammonia exposure based on the
severity of such lesions. Hence it seems more probable that the
lamellar aneurysms described by Smart (1976) were due to the
method of killing rather than owing to ammonia. Although the
methods of killing the fish has not been documented in studies
of Bullock (1972), Larmoyeux and Piper( 1973), Smith and Piper(
1975), Cruz and Enriquez (1982), the method of killing the fish
in case of Thurston etal, (1984) was again that of a blow on
the head and hence the possibility of ammonia causing

telangiectasis in this study is also doubtful.

According to Roberts (1978) telangiectasis is a characteristic
pathological change of the gill associated with physical or
chemical trauma and is commonly found in farmed fish after
grading or pond transfer, or in association with parasitic
conditions, but it may also occur in association with metabolic

wastes or chemical pollutants.
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However such lamellar telangiectasis has also been reported on
a minor scale in many toxicity studies ( Mallatt, 1985)
involving various chemical pollutants and heavy metals in which
the fish have been killed using appropriate anaesthetics. In
view of these observations it has also been speculated (Herman
and Meade 1985) that various chemical pollutants may reduce the
cellular adhesion of pillar cells, so that with a sudden
increase in blood pressure or as a result of violent thrashing
(as when trying to avoid irritating anaesthetics such as
quinaldine) the lamellar blood spaces may dilate or rupture

resulting iIn telangiectasis.

In this study the fish were handled gently throughout the
experimental processes and fish were then Kkilled with an
appropriate dose of benzocaine prepared in similar water
quality as the fish were taken from, thus minimizing the sudden
exposure of fish to water changes such as pH and temperature.
This procedure might have been responsible for reduced trauma
and hence the absence of any consistent significant number of
telangiectic lamellae that could in any way be correlated to

experimental ammonia concentrations.

MUCOUS CELLS

Mucous cells and the production of mucus, often in considerable
amounts, 1is the most distinctive feature of teleost epidermis
(Van Oosten 1957; Harris and Hunt 1975; Sibbing and Uribe
1985). The mucous cells are the second most commonly
encountered cells, after the Tfilament containing cells

(Malpighian cells) in the epidermis (Harris and Hunt 1975).
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However their distribution seeas to vary in different regions

of the epidernis (Pickering and Macey 1977).

In the present experiment, variations in the thickness of
mucous cell-containing epithelium in gills belonging to both

control groups as well as the treatment groups was evident.

Several hypotheses have been advanced to explain the function
of mucous cells of the fish epidermis. These implicate mucus

as being involved in various processes such as

1. Prevention of colonization by parasites, fungi and
bacteria.

2. Lubricating and locomotory functions.

3. Osmoregulatory functions.

4. Specific immunochemical protective roles (Pickering

1974; Pottinger etal. 1984).

Increased mucous cell activity or profuse mucous secretions
have been noted under the influence of various chemical
pollutants (Mallatt, 1985), parasites and handling (Pottinger
et al., 1984; Roubal etal., 1987) and due to ammonia exposure
(Flis,1968a; Smart, 1976; Smith and Piper, 1975).

The epidermis and mucus layer of a fish provide the first line
of defence against infection by potential environmental
pathogens and are of obvious survival value in the short term
(Ingram, 1980). Increased mucus secretion under toxic
conditions is known to bar the entry of toxicants into the
fish when exposed to such chemical toxicants as copper and

zinc (Kumar and Pant, 1981), indicating that an interaction

166



between the aucus and heavy aetal iona takes place resulting
in the formation of a fila of coagulated aucus on the surface
of gills, which interferes with the process of gaseous

exchange.

Although no such interaction between ammonia and mucus has
been reported, an excess mucus secretion has been implicated
to interfere with or hinder gas exchange (Flis, 1968, Smart,
1975).

In the present experiments the early profuse aucus secretions
(noted on day 4 samples) seen in the case of fish exposed to
low level ammonia concentrations might represent an initial
defence reaction, whereas the cellular changes noted at the
later stage, wherein the mucous cells became not only
exhausted but necrotic, were mostly as a consequence of

continued ammonia exposure and cellular damage.

In the control fish, although the mucous cell density did not
seem to vary drastically from day 3 to day 7 samples, an
increase iIn the mucus production may have been due to an
increased ionic concentration due to the presence of buffer.
No necrotic changes could be seen in the control fish mucous

cells (Plate 3#4 ).

In histology under combined Alcian blue and PAS staining, the
mucous cells from the control Tfish showed discrete staining
mucous cells, whereas in the case of high ammonia exposed fish
in both 3rd and 7th day gill samples, and in low ammonia-
®xposed fish on the 7th day samples variable vacuolation was

seen. These types of necrotic cells were either totally or
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partially vacuolar containing none or very little aucus
material and a total destruction of mucus vesicles of such
mucous cells. Varying numbers of normal looking discretely

staining mucous cells were also present in such Tfish.

The vacuolation and floculations of cellular mucus vesicles
were noted not only in the bigger and sometimes greatly
enlarged superficial (surface) mucous cells but also in the
maturing sub epithelial mucous cells at various depths in the

epithelium.

A possible interference of ammonia in the mucous cell
metabolism seems to be evident in this study. A possible
effect of buffer ions in addition to ammonia cannot at the
same time be rejected. No histochemical changes in the mucus
produced were noticed as a result of ammonia exposure. The
staining properties of mucous cells remained the same as those
seen in control fish and described in the earlier parts of the

present experimental results.

Under scanning electron microscopy the superficial mucous
cells of high ammonia exposed fish appeared as exhausted and
vacuolated cells with very widely opened openings, quite
distorted (Plate 36c,d) and resulting in severe damage to the

epithelium.

Mucous cell vacuolation, exhaustion and sometimes their
bulging over the surface and then being shed intact have been
reported as a consequence of exposure to heavy metal
pollutants (Kumar and Pant 1981) and parasitic infestations

(Roubal etal. 1987).
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In the present study it was also noted that the sane mucous
cell changes that were clear in AB and PAS stained sections
were hardly recognisable in HAE stained sections. This might
have been one of the reasons as to why no such descriptions
have been described by other workers. Also it is possibly due
to the fact that some investigations were more interested in
reproduction of such changes as those described as
characteristic ammonia lesions (eg. hyperplasia, hypertrophy
and lamellar fusion: Daoust and Ferguson, 1984) while others”
intentions might have been to verify only selected lesions,
such as hyperplasia as in the case of Mitchell and Cech

(1983).

Although the Department of the Environment (1972), Cruz and
Enriquez (1982) and Thurston et al.(1984), have described
epithelial vacuolation as a result of exposure of ammonia,
whether such epithelial vacuolations included mucous cell

vacuolations is unknown.
VACUOLATION OF THE GILL EPITHELIUM

Vacuolation of the epithelium, (both gill arch, filamental and
lamellar epithelium) was another most important and
conspicuous change noted in fish exposed to 0.31 mgl ~UIA and
above. An increase in this vacuolation of the epithelium was
noted at the highest ammonia concentration tested @e. 0.57

mgl-< UIA).

Thurston etal. (1984) noted extensive vacuolation in epidermis

of rainbow trout exposed to chronic ammonia toxicity. They
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suggested that it was presuaably hydropic in nature and may
have resulted from increased tissue permeability. Similar
histological changes have also been vreported in ruddi
Scardinius ervthrophthalmus. epidermis exposed to 0.08 and
0.16 mgl“* UIA (Department of the Environment 1972). Similarly
Cruz and Enriquez (1982) reported severe and extensive
vacuolation in the lamellar epithelium of milk fish, Chanos
chanos. exposed to 20.65 ppm total ammonia for 24 and 72
hours. This time period seems to be very much shorter than all
the above mentioned studies but still resulted in extensive
and more severe vacuolations. This may suggest a species
specific difference once again or be due to other unknown

water quality effects.

Such a tissue reaction, although resembling cellular
spongiosis and inter and intra-cellular oedema, may be
specifically due to an increased tissue permeability as stated
by Thurston eta). (1984). Lloyd and Orr (1969), who measured the
urine production of rainbow trout exposed to sub-lethal
concentrations of ammonia, found a considerable increase in
urine flow rates. The extent of this increase was directly
related to the environmental unionized ammonia concentrations.
Therefore Lloyd and Orr (1969) suggested that this diuresis
reflects an increase in the permeability of the fish to water
and thus postulated that death probably occurs when the
increase in permeability exceeds the maximum sustained rate of
urine production, although there was no direct evidence for

this.

Speculating that "there is some Justification for considering

a disturbance of salt and water balance as a major toxic
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action of ataaonia” Saart (1975), in his own experiaental
investigations, found a significant increase in the body water
content of trout exposed to aaaonia concentrations above the
lethal threshold liaits but found no change in either plasaa
or auscle tissue water and electrolytes. These results suggest
that tissues other than auscle were responsible for the

increase (11.4X increase) in the body water content noted.

Thus the cellular oedema noted in the gill tissues exposed to
increasing ammonia concentrations may well be a direct

consequence of their increased permeability to water.

EOSINOPHILIC GRANULE CELLS

Eosinophilic granule cells (EQC’s) were first described as
such in 1971 by Roberts and co-workers as a distinctive cell
type in the basal layers of the plaice (Pleuroncctes platessa.
L.) epidermis. They were identified as round ovoid cells with
a marginally placed nucleus and packed with highly
eosinophilic refractile granules within tissues Tfixed in

formalin or dichromate-containing fixatives.

Similar cells have been reported by different earlier and
later workers in various Tfish species and tissues such as in
the sockeye salmon Oncorhynchus nerka (Bolton 1933), in the
epidermis of gold fish Carassius auratus. (Percy 1970), in the
oesophageal mucus of pike Esox lucius (Bucke 1971), in various
connective tissues and epithelia of Atlantic salmon. Salmo
salar and rainbow trout Salmo gairdneri (Smith 1975), in the
epidermis of Ophisurus serpens (Anguilliformes) (Zaccone and

Cascio 1979), and in the epidermis of red piranha, Serrasalmus
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n»ttereri. (Zaccone 1980).

However I increased infiltrations of these EGCs into the
epithelia and various other connective tissues under certain
environnental and/ or disease conditions has caused scientists
to speculate as to their inportance and possible role in the

functioning of the fish.

Incidences of increased infiltration of EQCs have been found
and vreported in the nostril mucosa of Atlantic salmon
suffering from ulcerative dermal necrosis (Roberts, 1972), in
the healing wounds of salmonid connective tissue (Roberts et
el.,1974), in regenerating superficial skin wounds of Rita rita
(Mittal and Munshi, 1974), in salmonid Tfish subjected to
prolonged (up to 50 days) starvation (Smith, 1975), in the
gill tissues of carp, Cyprinus carpio. exposed to chlorinated
lime water and carp infected with parasitic trichodinids and
Chilodonella (Hornich and Tomanek, 1983), and in the gill
tissues of carp suffering from ammonia intoxication (Kovacs-
Gayer, 1984), in the Ilamina propria of the intestine of
sergeant major TFfish Abudefduf saxatilis. suffering Tfrom
raicrosporidian (Glugea sp) infections (Reimschuessel et ai.,
1987). Therefore it is quite clear that, though EGCs are found
in various tissues of different Tfish species, they are more
often actively associated with infectious or non infectious

disease conditions.

Although specific studies on the EGCs of different fish
species to identify their functions are lacking, based on the
available histochemical and circumstantial evidence it has

been suggested that they play an active role in protecting
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vulnerable areas of the fish from the danage of ionic, osaotic
or pathogenic agents (Smith, 1975). The granule cells have
also been credited with serving a number of functions such as
a lipophase activity, the elaboration of antitoxins against
pathogens, and a mast cell or globular leucocyte function (Al-
Hussaini, 1949; Jordon and Spidel, 1924; Roberts et al., 1972;
Ellis, 1974).

The reaction of EOCs in response to ammonia in salnonid fish
in general and trout gills in particular is unlcnom, although
a characteristically increased infiltration of EGCs into the
gill tissues and their necrosis has been recorded as a
response to ammonia exposure in carp (Kovdcs-Qayer 1984; and
in the present study chapter 4 ). It is possible that it may
constitute a part of the inflammatory response of the gill

tissues and other mucosal tissues.

According to Roberts (1972), in the salmonids an eosinophilic
granule cell is occasionally found in the epidermis, but it is
not a constant feature and is more frequently seen under
pathological conditions. Although the earlier part of this
statement may hold true for epidermis (skin), the gill
epithelium and connective tissues of healthy trout seem to
contain an identifiable and regular but low number of EOCs
(unlike the normal carp gills in which the EQC populations are
relatively higher). These are mostly seen in the basal regions
of the filament epithelium along the length of the cartilage
in the close vicinity of the cartilaginous cells and other

connective tissues.
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However, their increased nuabers in the gill epithelium and
connective tissues of fish exposed to different amaonia
concentrations indicate a possible direct relationship between
the EGCs and toxic aaaonia concentrations. Although this
observation further agrees with the suggestion of Al-Hussaini
(1949) that the granule cells might have an antitoxic effect,

the exact mechanisms involved in such an effect are unknown.

It was noticed in the carp gills that the EOCs of high ammonia
treated carp underwent severe vacuolation of the granules
(degranulation), indicating a probable release of the contents
of the granules, whereas the granules in the control fish gill
EQCs remained almost intact, which otherwise suggests that the
EGCs might perform an effector function in the alleviation of
the toxic effect of ammonia. This may also be the case in
rainbow trout as an increased infiltration of the EGCs was
clearly evident in ammonia exposed trout as opposed to control
trout gills. Although it is reasonable to assume that in the
present experiments (both on carp and trout) the increased
infiltration of EGCs were noted as a direct response to
ammonia exposure and hence have a probable role to alleviate
the toxic effect, two of the changes noted here are
conspicuously different for carp and trout. Firstly, the
staining properties of the EGCs are different in carp and
trout. Secondly, the extent of the EGC infiltration and
necrosis is much greater in ammonia exposed carp than in
ammonia exposed trout, suggesting species variation in

populations of EOCs«
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Extensive histochemistry carried out by Roberts etal. (1971),
on the EGCs of Pleuronectes plstessa. failed to enable them to
place these cells in any of the usual cell classes of the
epidermis, at the same time recognising them as different from
blood eosinophil cells of teleost fish by being not able to
stain by the carbol chromotrope method which 1is considered
specific for eosinophilic cells. In the previous experiments
(chapter 4) the EGCs of carp stained strongly positive for
PAS indicating a predominance of neutral mucopolysaccharide
and glycoprotein content of the EGC granule, while staining
negatively for Alcian blue (AB) at pH 2.5 and 1.0 which is an
indication of the absence of any traces of acid
mucopolysaccharides. On the other hand the EGCs of trout did
not take up either PAS stain or Alcian blue at pH 2.5 and pH
1.0, indicating the absence of both neutral and acidic
mucopolysaccharides and mucoproteins. Similar observations
have been noted in salmonid fish iIn which the EGCs stained
negatively for PAS, at the same time failing to show any
metachromasia with toluidine blue staining (Smith,1975;
Vallejo, 1987) in wax embedded formalin fixed tissues. However
a positive reaction for lipids and protein has been noted in

the case of trout EGCs (Smith, 1975).

Further confusing variations have also been recorded in that
in some Tfish the EGCs stained for both PAS and AB stains
(Zaccone, 1980) and in some others they did not stain for

either PAS or AB (Zaccone and Cascio,1979).

In the present study it was also noticed that the EGC granules
of both carp and trout stained positive for toluidine blue in

resin sections processed for electron microscopy, an

175



observation which has also been reported by Vallejo (1987)in
the case of trout implicating a probable loss of acid
mucopolysaccharide substances from the EGC granules in the
conventional formalin/dichromate fixation procedures.
Therefore, although it appears that the eosinophilic cells
described by various authors in different fish species seem to
conform to general characteristics such as (@) their strong
affinity to H4E stain (eosinophilic),(b) their presence in the
epithelia,(c) their increased infiltration into the epithelia
and connective tissues under conditions of disease or physical
or physiological insult, their tinctorial properties, which
may indicate their chemical composition and thus assist in the
interpretation of their functions and probable origins, remain
variAble and often confusing*

Apart from these discrepancies in the tinctorial nature of
EGCs, their definitive identification in the fish tissues has
been Tfurther confused because of the occurrence of various
other cells besides the characteristic EOCs of Roberts et a.
(1971), such as the acidophilic granular cells ((AGCs) of
Blackstock and Pickering (1980), the sacciform cells described
by Mittal and Agarwal (1977) A Whitear and Mittal (1986) and
the rodlet cells described by Mattey etal. (1979) and Karlsson

(1983).

Although the cells described by Blackstock and Pickering
(1980) were called acidophilic granular cells (= eosinophilic
cells) they encountered a confusing tinctorial nature of these

cells and in their later study Pickering and Fletcher (1987),

claimed that these AGCs are a type of serosal mucous cell

analogous to those described by Whitear (1986). Similarly the
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EOCb deacribed by Zaccone and Caacio (1979) and Zaccone (1980)
seea to raaaabie auch calla rathar than tha EGCa of Robarta at
al. (1971), Saith (1975) or thoaa notad in tha praaant atudy in
trout and carp. Further sore, the rodlet cella which are alao
eoainophilic and have been known to occur in different organa
of varioua Tfiah apeciea (Leino 1974; Mattey at ai. 1979,

Karlaaon, 1983), could eaaily be aiataken for EOCa when theae

cella are cut while aectioning in the hiatological
preparationae
Thua, preaently, a coaprehenaive knowledge aa to the

occurrence or abaence of theae varioua cell typea in the
epithelia of different fiah apeciea ia lacking. In addition
,due to the confuaing tinctorial propertiea of the EGCa that
have already been deacribed by varioua workera, any
apeculationa aa to the function and origin of EGCa aeeaa
indeed very uncertain and hence it ia inappropriate to

generalize on their functiona.

Poaaibility of EGCa contain lyaozyae or contribute to
extracelluar lyaozyae activity of aucua haa been auggeated.
Coincident with the obaervation that aaong the aarine teleoata
granule cella are particularly coaaon in the Pleuronectidae
(Roberta etal, , 1971), Fletcher and White (1973), found that
aaong the teleoata caught in Britiah watera the lyaozyae waa
conaiatently preaent throughout the year in the aera of
Pleuronectidae, whereas with others (haddock) it waa variable
and in soae other Tfish (such as cod) it was never present in
detectable aaounts. Although they deaonstrated that it was the
leucocyte fraction and not the red cell fraction that

contained the lysozyae (which is iIn agreeaent with aaaaalian
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findings) present in the sera, they concluded that the origin
of the secretory lysozyme (found in external cutaneous mucus)

may be different.

Based on the knowledge that in the plaice skin it has been
possible to demonstrate histochemically distinct lysozyme
containing cells which are absent from cod epidermis,a which
do not appear to be leucocytes and occur both in the basal
layers of the epidermis and migrating towards the surface,
Fletcher and White (1973) suggested the possibility that the
eosinophilic granule cell whose function is unknown might be

related to such lysozyme containing cells.

Such a possibility, however, needs to be further investigated
in different fish species along with the speculated functions
of EGCs 1iIn disease conditions, in order to understand the

exact role played by EGCs in the fish epithelia in general.

In summary the major tissue lesions due to ammonia in trout
gills constitute:

(1) a severe chloride cell proliferation and their progressive
necrosis,

(@ an increased infiltration of the EGCs in to the gill
epithelia and subsequent degranulation.

(@) excess mucus production, mucous cell exhaustion and
flocculation of the mucus substances.

(@) and cellular necrosis characteristic of pyknosis and

karyorrhexis.

However ,tissue lesions such as telangiectasis, and

hyperplasia did not constitute the characteristic lesions
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either at near lethal or at aublethal concentrations of
aaaonia tested iIn the current experiaents. The lesion type
that has been described as epitheliocapillary separation (ECS)

( Klontz, et al. 1985) was also absent.

The distinctive differences in the histopathology noted in
trout froB that of carp were (1) the absence of the
characteristic nodular swellings on the gill epitheliua

(@ and the absence of the detrimental effect noted in the

carp gills due to the phosphate buffer.

Apart from these distinctive differences the various
pathological processes such as those seen in the chloride
cells, EOCs,and the epithelial cells were less severe than in

carp.
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6.1.INTRODUCI ION

The gross histological and pathological changes observed in
experimental trials on carp (Chapter 4) and trout (Chapter 5)
were conspicuous under light microscopy and were readily

reproducible.

In these above experiments, since all the iImportant water
quality parameters were clearly known, the cause of lesions in
the control carp, which were dissimilar to those found in the
carp exposed to different ammonia concentrations, could not be
attributed to anything but the phosphate buffer used in these

experiments.

Buffers such as those used in the present experiment are
extensively used in various experimental studies and have been
recommended for use iIn experiments wherein the choice and
maintenance of proper pH 1is critical, especially in tests

conducted with readily ionizable compounds (Murthy,198Ca).

Although the wisdom of such a recommendation became
questionable, at least in the case of carp, the absence of any
such changes in the control trout (trials 1 and 2 of Chapter
5) subjected to similar buffer concentrations raised
interesting contrasts and cast doubts on the continuation of
the use of this buffer in these comparative studies in which
the buffer used exerted a differential effect on the two
different experimental fish species. In spite of the fact that
the lesions noted 1in carp and trout exposed to increasing

ammonia concentrations could be histologically correlated with
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severe gill lesions present in high suonia exposed carp could
not be taken unequivocally as lesions caused by anaonia alone
for the following reasons: firstly, the phosphate buffer
itself brought about considerable gill daaage in the control
carp, and secondly, the type of nodular lesions seen in high
amaonia exposed carp were not seen in trout, and have not been

reported in carp before.

Hence a second set of experiaents had to be planned (coaprising
basically the repetition of the earlier trials) to verify the
nature of the occurrence of the histological and
histopathological changes seen in the phosphate buffered
aaaonia toxicity tests by utilizing an alternative buffer to

stabilize the pH.

At this stage however, a survey of the available literature
wherein buffers have been eaployed particularly in aaaonia
toxicity studies, was conducted and it was noticed that such
studies have eaployed a range of buffer chemicals either singly

or in combination with various other chemicals.

Table 6.5. gives a typical example of the way in which these
buffers have been used. Unfortunately most of these studies
were not histological investigations and few of those in which
histology has been carried out have either identified or

reported the effects of any of the buffers used.

However, in one of the early investigations (McFarland A Norris
1958), studying the efficiency of buffers in live Tfish
transportation in comparison with previous works wherein

different inorganic chemicals (inorganic phosphate salts) had
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been eaployed in fish seed transportation , it was noted that
conflicting results were reported in which soae authors had
claimed beneficial effects (Vaas, 1952; Srinivasan, Chacko and
Valson, 1955), while others (Saha etal., 1956; Nemoto, 1957) had
noted detrimental effects of buffer usage. Therefore, based on
their own experimental evidence in different species of both
fresh water and marine Tfish subjected to prolonged fish
transportation, McFarland <tNorris (1958) recommended that the
organic tris-buffers they experimented with were most efficient
in stabilizing acidity levels both for marine and fresh water
application and that they had no detrimental effects on any of
the 29 species of fish tested. Accordingly, in recent years the
Sigma Chemical Company (SIGMA) has been providing tris-buffers
not only for biochemical, enzymological and tissue culture

studies but also for fish transportation and maintenance for

prolonged periods of time (up to one week).

In the second set of experimental procedures reported here
tris-buffer was adopted in place of phosphate buffer based on

an initial trial experiment that promised the stability of pH.

Although tris-buffer has been used by Rice A Stokes (1975), in
ammonia toxicity studies on rainbow trout at a concentration
of 0.05 M, in the present experiments a lower concentration was
adopted as for phosphate buffer (0.01 M), due to the large
quantities of these buffer chemicals required at higher molar

concentrations.

An initial trial was carried out to assess the stability of the
pH, with tris-buffer of 0.01 M concentration in 50 ppm hardness

dilution water and indicated that the pH was relatively stable
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over a period of 3 days when 10 carp were uaed in 80 litres of
water held in a glass tank. Also the histology of these fish
exposed to tris-buffer for 3 full days did not show any

deleterious effects on the gill tissues.

Hence it was decided to repeat the earlier experiments
conducted on carp and trout, but using tris-buffer and thus
verify whether similar pathology to that seen in high ammonia
exposed carp in the phosphate buffered dilution water was
reproducible. It was also decided to verify whether a prolonged
exposure in tris-buffer (seven days) induced any changes in the

control carp gills.
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EXPERIMENTS ON TROUT
6.2_MATERIALS AND METHODS

Two experinental trials were carried out. In the first trial
a dilution water of 30 ppa hardness was used with 0.01 M tris-

buffer to stabilize the pH.

As the histopathology noted in the first trial was not any
different or «ore severe than in the previous experiments (
Chapter 4) a second trial was carried out in a dilution water
of 250 ppm hardness while the concentration of the tris-buffer
used remained the same (0.01 M), to determine whether the
hardness altered the histopathology in any waye although a
change in the hardness was not known to have any influence on

the toxicity of ammonia (Thurston ei al. 1975).

The rainbow trout used in the first trial weighed 15.92 t 3.16
grams (tSD) and measured 11.77 1 0.90 cms (tSD) while the
fish used in the second trial had a mean weight of 9.72 + 2.24

grans ( £SD) and a mean length of 10.06 1 0.97 cms (#SD).

The experimental system used and the other procedures followed
were similar to that used in the experiments with trout

described in Chapter 4.

Three concentrations of ammonia were tested in trial 1 and two
concentrations in trial 2 with high hardness. In each of the
trials the treatments were carried out in replicate tanks along

with a duplicate set of control tanks.

184



Prior to experiaentation the fish were accliaated to their
respective dilution waters for 4 days, and to the buffered
dilution water for 2 days, and were transferred to the

experiaental tanks as necessary.

6.3. RESULTS

6.3.1 WATER QUALITY

The mean values of pH and temperature measured throughout the
experimental period, along with the other measured water
quality parameters, are tabulated in Tables 6.1 and 6.2. The
mean nitrite concentrations measured for the experimental
period in both trial 1 and trial 2 did not exceed the safe

limits recommended for salmonoid fish (EIFAC 1984).

However, one of the most interesting and peculiar aspects noted
in these experiments was that of the interference of tris-
buffer with the measurement of ammonia. The ammonia levels that
could be measured were disproportionately variable and hence
the actual estimations of ammonia could not be made during the
experiaental period. When the water samples from high ammonia
containing treatment tanka were appropriately diluted with
distilled water (as in the previous experiments), for the
measurement of ammonia, the absorbance obtained was once again
disproportionately low, resulting in low values of ammonia, but
when the undiluted water samples were used with the same
chemicals there was no blue colour development at all and the
resulting absorbance fell below that of the reagent blank. This
was also the case for water samples from the control tanks

where no ammonia had been added.
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Although soBe values could be obtained when the water samples
were diluted, as these values did not represent the actual

SBBonia levels expected, they were not utilized.

Since the exact amounts of ammonium chloride added per litre
of water in the case of ammonia treatment tanks was known, the
nominal values of total ammonia expected have been provided.
Therefore, the unionized ammonia concentration calculated based
on these nominal total ammonia values at the measured mean
temperature and pH values were considered as the actual
experimental unionized ammonia values and are provided in the

tables.

However, to indicate the nature of the interference of the
tris-buffer in the measurement of ammonia, the actual
measurable values of ammonia are also tabulated alongside the
nominal values. Plate no.53 clearly indicates the colour
development pattern of the tria-buffered ammonia containing

water.
6.3.2 MORTALITIES AND BEHAVIOUR OF FISH
6.3.2.1 TRIAL 1 (Low hardness experiments)

The control fish remained normal throughout the experimental
period. However, the fish exposed to the Jlowest ammonia
concentration of 0.26 mgl*™™ UIA appeared distressed. Such
distressed behaviour was noted after 24 hours of exposure. The
fish became dispersed all over the tank and occasionally
exhibiting erratic swimming behaviour. But no severe

neurological signs or mortalities were noted.
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Aaongst the fish exposed to 0.38 «gl'™* UIA signs of distress
were noticeable within a few hours of exposure, and
progressively the fish developed nild to variable neurological
signs. After 72 hours of exposure 3 fish becase severely
affected. OF these 3, one fish floated with its belly up
probably as a consequence of frequent surfacing and gulping of
air, while the other two slowly sank to the bottom where they
lay flat, partially paralysed with gill ventilation being
slowed down. Such fish showed occasional erratic movement but

no mortalities occurred throughout the experimental period.

At 0.49 mgl“* UIA, 2 Tfish died within seven hours of exposure
and by about 24 to 48 hours most fish became severely
distressed and developed neurological signs. Within this period
of time 2 fish floated with distended abdomens while 3 fish
sank to the bottom and lay flat. The number of fish that
floated increased from day 2 onwards while 3 fish that sank to
the bottom remained there. On the other hand one or 2 fish
remained relatively less affected. No further mortalities were
noted after the initial death of 2 fish, inspite of severe

neurological signs noted.
6.3.2.2_.TRIAL 2 (HIGH HARDNESS EXPERIMENTS)

The fish in the control tanks appeared unaffected and normal.
The fish exposed to 0.29 mgl** UIA, although showing relatively
minor behaviourial changes initially, by day 5 most of the
remaining Ffish in the tanks showed neurological signs as noted
by their abnormal swimming on their sides due to the loss of

equilibriuB and occasional erratic swiinining«
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The fish exposed to 0.40 agl™ UIA were aore severely affected.
The TFfish started to lose their noraal upright, swinning
position within 10 hours of exposure. Such fish began to roll
on their sides as they swaa but atteapted to regain their
normal position. By about 20-24 hours a few of the smaller
fish turned upside down and by about 48 hours most fish were
severely affected and exhibited typically severe signs. One
fish died on between 48 and 72 hours. Although SOX of the fish
from each tank had been sampled at the end of day 3, further
mortalities were encountered amongst remaining fish on day 4
resulting in the death of 3 more Tfish. At this stage, since
most of the remaining fish exhibited grossly compromised, all
the fish in this particular treatment were sacrificed at the

end of day 4 for histological examination.

The Ffish 1in other treatments (ie 0.29 mgl'™ UIA and the
controls) were held in the tanks continuously until the end of
the stipulated experimental period of 7 days before they were

sampled.

HSTOPATHOLOOICAL CHANGES
6.3.3.1.TRIAL-1, LOW HARDNESS EXPERIMENT

Histopathological changes noted in the gills of trout exposed
to ammonia concentrations of 0.26, 0.38 and 0.49 mgl"* UIA in
tris-buffered dilution water did not differ very much from the
changes that were already noted in experiments conducted with

phosphate buffer.

The control trout gills remained normal and did not show any

changes in the structure of lamellae or the filaments (Plate
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39), although histologically the filaaental and arch epithelia
were found to be eore richly endowed with ,....: cells than
those of the auonia treated gills iIn sections stained for
mucous cells. But no aucous cell necrosis or cellular oedema
could be noted in the control gills. The laaellar epithelium

remained flat and devoid of any chloride cells.

In fish exposed to various concentrations of ammonia increased
chloride cell proliferation was characteristic. At higher
concentrations of ammonia such chloride cell swelling occurred
indicating the hypertrophic reaction of these cells. The inter
and intra cellular oedema (histocheaically recognizable as
generalized vacuolation) was increased with increasing

concentration of ammonia.

The severity of the chloride cell proliferation on the lamellae
and the proliferation and necrosis of the mucous cells on the
filament epithelium was clearly noticeable on the gill surfaces
of the fish exposed to higher concentrations of ammonia (Plates
40,41 and 42b,c). Although the presence of large numbers of
exhausted mucous cells on the filament epithelium in CYME
studies indicated an increased mucous cell activity, the
nonstainability of these cells in histological sections and
their vacuolation, particularly at the surface epithelia was
possibly due to the exhaustion of mature stainable mucous cells
and/or necrosis of immature or maturing cells rather than an

actual reduction in cell production.
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Plate 39.
A SEM of control trout gills after 7 days experinentation in
low hardness tris-buffered experiments showing normal

appearance of the filaments and lamellaee 260X.
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Plate 40.

a. A SEM of trout gill exposed to 0.48 «gl** UIA after 3 days
exposure showing chloride cell proliferation onto the lamellae
from the afferent side of the filament, while the efferent
side of the filament appears smooth and devoid of chloride

cells, 400X.

b. The efferent side of the gill lamellae showing no chloride

cells on the lamellae 1300X.

c. The efferent side of the filament and lamellae showing

chloride cell proliferation taking place selectively, 100X
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Plate 42.
Photomicrographs of the mucous cell changes noted at different

ammonia treatments in low hardness tris-buffered experiments.

a. Control trout gill arch epithelium showing normal mucous

cells in multiple layers. (PAS/AB at pH 2.5), 375X.

b. Exhaustion and vacuolation of mucous cells of the trout
gill arch epithelium at 0.38 mgl*“ UIA after 7 days. Note the
flocculated contents of the mucous cells (arrowed) {PAS/AB

at pH 2.5) 600X.

c. Severe vacuolations and exhaustion of the mucous cells on
the gill arch epithelium after seven days exposure to 0.49

mgl*< UIA. PAS/AB at pH 2.5, 60OX.
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6.3.3.2_HISTOPATHOLOGY( TRIAL- 2, HIGH HARDNESS EXPERIMENT)

The histopathology in the gills of fish subjected to anmonia
in high hardness tris-buffered dilution water appeared more
severe than the changes noted in the experimental trial 1, in

which low hardness tris-buffered dilution water was used.

Although the control Tfish remained normal, an occasional
increase in chloride cell numbers on the gill filament and

lamellae was clearly seen (Plate 43).

The basic lesion types noted in the ammonia exposed gills were
the same as those already described. These lesions which
included increased chloride cell proliferation, mucous cell
necrosis and cellular oedema of the gill epithelia, remained
moderately high in fish exposed to 0.29 mgl"* UIA (Plate 44).1In
fish exposed to 0.40 mgl*“ UIA, the chloride cell hyperplasia
and hypertrophy was severe and extensive but the most severe
changes seen were the cellular vacuolations (Plate 45). These
cellular vacuolations became bigger and extended on to the
lamellae giving a foamy appearance to lamellar epithelia (Plate
46a ). In addition to these changes, lifting of the lamellar
epithelium was also noted occasionally (Plate 46b ). However
this particular reaction (e Qlifting of the lamellar
epithelium) was seen only in a few fish.The necrotic changes
in the gill arch and filament epithelia were the most

conspicuous (Plates 47 and 48).
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Plate 43.
Photomicrographs of control trout gills from high hardness

tris buffered experiments.

a) Normal Ffilament and lamellae with very mild swelling of
the lamellar epithelium after 3 days of experimentation.

H&E, 375X

b) Control trout gill lamellae after 7 days of
experimentation.
Note the appearance of chloride cells on the lamellae and

moderate swelling ( arrowed ). H4E, 600X
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Plate 45.
A photo-icrograph of trout gilla fro. fish exposed to 0.49

mgl-“ UIA for 7 days.

a) Severe chloride cell proliferation and vacuolations. HAE

600X

b)Photo*icrograph showing increased vacuolations and intra
cellular oedeaa.

HAE 1500X
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Plate 46.

a) A photoBicrograph of trout gills exposed to 0.49 »gl'™* UIA
for 7 days |l showing extensive vacuolations and cellular

oedena. 1500X

b) Separation of Jlamellar epithelium {epitheliocapillary
separation) at 0.49 mgl“* UIA from trout after 7 days

exposure. 600X
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Plate 47.

a) Gill arch from trout exposed to 0.49 mgl*™> UIA for seven
days, showing extensive vacuolations and cellular necrosis.

HfcE, 600X

b) A high magnification photomicrograph of the gill arch
epithelium (same as above) showing pyknotic (small arrows )
and karyorrhexis

(big arrows ) of the nuclei with severe oedema. HAE, 1500X
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Plate 48.

Gill filament epitheliu» in the inter laaellar region of
trout gills exposed to 0.49 »gl'* UIA for seven days.

Note similar necrotic changes as seen in the gill arch

pithelium. HAE, 600X
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Plate 50.

a) Photoaicrograph of the aucous cells froa the gill arch
epitheliua of trout exposed to 0.29 agl~ UIA for 3 days

showing increased aucus secretion and sloughing. PAS, 600X

b) After 7 days exposure. Note the increased aucous cell
vacuolations in addition to oedema of the epitheliua. PAS,

600X
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Plate 51.

a) A photomicrographs of trout gill arch epithelium at 0.49
mgl* UIA after three days exposure showing mucous cell
necrosis and extensive nuclear pyknosis, and what appears to
be the phagocytosis of such necrotic cells within the

epithelium ( arrowed). PAS, 600X

b) A photo micrograph of trout gill arch epithelium at 0.49
mgl*~ UIA showing extensive mucous cell vacuolations and
necrosis of the epithelium after seven days exposure. PAS,

600X
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Plate 52.
Photographs of experimental trout exhibiting severe

neurological distress after four days exposure.

a) At 0.42 Bgl'™ UIA in high hardness tris-buffered dilution

water .

b) At 0.49 mgl~ UIA in low hardness tris-buffered dilution

water.
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Plate 53.
A photograph showing the colour developaent patterns in the
tris-buffered and phosphate buffered water saaples when

analysed by the phenol hypochlorite method.

a) 0.5 mgl™ UIA, in tris buffer.
b) 1.0 agl™ UIA in tris buffer.
c) 2.0 mgl*™* UIA in tris buffer.
d) 2.0 agl~* UIA in phosphate buffer.
e) 1.0 agl~* UIA in phosphate buffer.
) 0.5 mgl™ UIA in phosphate buffer.
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These differences noted in the histology of the fish gills
exposed to high asmonia in high hardness water from those

changes noted in low hardness and high ammonia treatments

appeared to be reflected in the fish mortalities in these two

particular treatments. In the First trial where the
concentration of ammonia was 0.481 mgl“* UIA and the hardness
of the water was low, no mortalities occurred as a result of
continued exposure to ammonia (except Tfor the initial two
deaths due presumably to the sudden shock of exposure to high
ammonia). Whereas iIn the case of trial 2 where the ammonia
concentration was 0.40 mgl*“ as UIA (lower than the Tfirst
trial) but the hardness of the water very high, the mortalities
were not noticed until after 48 hours and more fish started to
die after day 3, while at the same time the rest of the fish
exhibited signs of ill-health. These observations, in
combination with severe epithelial oedema and lifting, indicate
the probable additional stress as a consequence of increased

hardness in addition to high ammonia in trial 2.
DISCUSSION
TROUT EXPERIMENTS

The control trout gills once again did not show any
recognizable pathological alterations in their structure after
7 days exposure to 0.01 M tris-buffered dilution water in both
trials 1 and 2, although an increased numbers of chloride cells

were note< in trial 2»

Similarly ammonia in tris-buffered experiments did not produce
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any difference in histopathology, particularly in the Ilow
hardness experiaentSi froa that already noted in phosphate
buffered aaaonia exposure experiaents, indicating that the
toxicity of aaaonia was the same in both tris-buffered and
phosphate buffered-water. The characteristic cellular changes
of trout gill reaction to aaaonia, such as the chloride cell
proliferation and hypertrophy, aucous cell necrosis, iInter and
intra cellular oedeaa (cellular vacuolations), were the coaaon

changes noted in these experiaents also.

However, the histopathological changes noted in the trout
exposed to aaaonia in high hardness water (trial 2) was auch
aore severe. This increased daaage also appeared to be
reflected in the fish’s survival as aore fish continued to
die, Tfurther indicating that the aaaonia was aore toxic in the

case of high hardness water than in low hardness water.

The filaaental and laaellar epithelial vacuolations increased
greatly with the epitheliua appearing increasingly swollen and
foaay in appearance . Fewer stainable aucous cells were seen
aaongst severely vacuolated (exhausted) aucous cell populations
and such aucous cell degeneration increased from low to high

aaaonia concentrations (Plates 50 and 51 ).

Since the difference between the experimental procedures from
trial 1 to trial 2 was only an eight fold increase in hardness,
this appears to have exacerbated the effect on fish
particularly at high ammonia concentrations, indicating a

probable effect of an increased ionic load at the gill surface.

Although variation in hardness has not been known to have a
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aignificant effect on the LC 50 valuea for fiah in terna of
unionized awaonia (Eaeraon etai. 1975; Alabaater k Lloyd 1980),
nevertheleaa Toaaaao et *. (1980) have auggeated that the
differencea in the environmental hardneaa and pH of the
experimental media were the primary cauaea of a wide range in

reported ammonia LC 50 valuea to fiah*

Variationa in the toxicity of varioua peaticidea to different
fiah apeciea aa a reault of an increaae or decreaae in hardneaa
have alao been reported. Murthy (1986 b), aummariaing the
effecta of hardneaa on the toxicity of peaticidea from the
reported literature, noted that a majority of the atudiea found
no influence of hardneaa on the toxicity, while a conaiderable
numbera of other reporta indicated an increaae in the toxicity
at high hardneaa (referencea cited by Murthy 1986 b). Some of
theae atudiea have alao indicated variationa in both pH and
hardneaa aa reaponaible factora for the increaaed toxicity*
Therefore, Murthy (1987b) haa auggeated that perhapa it would
be worthwhile to have a freah look at thia problem by tenting
the influence of pH and hardneaa aeparately and together, in
the caae of all thoae peaticidea auppoaed to have been

influenced by hardneaa.

In the present experimental trials on trout the pH was adjusted
by tris-buffer but the final mean pH values of the experiment
were slightly higher in the case of the high hardness trial
than in the case of the low hardness trial (Tables 6.1 and
6.2). Hence it is possible that both increased hardness and
increased pH might have been responsible for the increased

toxicity.
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Although the exact aechanisa of such increased toxicity of
auonia at high hardness remains less clear, it is possible
that in the presence of an already existing toxic ammonia load,
an eight fold increase in the external ionic load might have
resulted in the disturbance of branchial salt fluxes and the
possible upset of the cellular ionic balance and hence the
normal cellular metabolism. The increased pyknosis of the cells
in the epithelium in general and increased vacuolar swellings
of cells (Plates 47 and 48 ) of the lamellar and filamental

epithelium observed nay reflect such damage.

Since hardness is, practically, a measure of calcium and
magnesium ions, an increase in hardness would obviously have
resulted in a proportionate increase in the concentration of
calcium and magnesium. From the available literature based on
recent studies it has also become apparent that branchial
permeability to Na* and CI'" 1is affected directly by the
external calcium concentration (a depletion of calcium by
transfer of fish to distilled or deionized water resulting in
the loss of body Na* and an enrichment of external calcium
resulting in reduced permeability of the gill membrane to Na*
and to a lesser extent to chloride (Cuthbert t Maetz 1972;
Randall., Perry and Hemming, 1982; MacDonald, 1983). Thus it
is possible that elevated calcium levels in high hardness water
might have impeded the essential exchange processes such as
Na*/NH4* (H*) and CI"/HCOj" thus increasing the cellular toxicity
of ammonia. Since magnesium is also known to behave similarly
to calcium (Rankin and Davenport 1981) it is possible that

cellular permeability might have been greatly affected.

However, the possibility of tris-buffer interacting or
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competing with elevated levels of other ions present in high
hardness water and with that of auonia itself needs further

investigation.

In the tris-buffered experiments the fish were neurologically
more affected than in the case of phosphate buffered
experiments at similar levels of ammonia. This in other words
suggests a possibility of alternative ways by which tris-buffer
may be interacting in the presence of ammonium ions with the
physiological activities of the fish. Also it is not clear as
to the exact mechanism of interference of tris with ammonia
measurement. Whether the interaction 1is with the ammonia
present with in the water or with those of the chemical used
in the measurement of ammonia 1is not known. Since such
interference was still present when the tris-buffered water
containing ammonia was dilluted a 100 fold in distilled water,
it appears that tris- buffer may intact be interacting with

ammonia directly.

Rice k Stokes (1975), who wused tris-buffer at 0.05 M
concentration, which was five times higher than the
concentration used in the present trials, and measured ammonia
by nesslerization method recorded the lowest LC 50 values for
adult rainbow trout so far known in the literature. Their LC
50 value (recorded as 24-h, TLM Value) for adult trout at a
temperature value of 10°C and pH 8.3 was only 0.097 mgl™*
as UIA. This value is at least 5 to 6 times lower than the
recorded LC 50 values for trout by various other authors range
between 0.47 - 0.70 mgl~“ as UIA (Alabaster k Lloyd 1980). This
difference definitively seems to be due to the misleading

interference of tris-buffer in the ammonia measurements.
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However, Alabaster A Lloyd (1980), referring to the TLM values
of Rice and Stokes (1975), have cosaented as follows, 'the pH
value of the water in these experiments was controlled by the
addition of tris-buffer, and this procedure may have affected
the toxicity of ammonia', the exact mechanism involved remains

unknown needing further investigations.

In conclusion the tris-buffered ammonia toxicity experiments

on trout can be summarized as follows.

1. Tris-buffer as such did not bring about any histological
changes in the trout gill structure, which is iIn agreement
with the observations noted in phosphate buffered control

treatments.

2. The histopathology due to ammonia in tris-buffered
experiments did not differ from that of the phosphate buffered

experiments under normal conditions of water hardness.

3. But elevation iIn the hardness of tris-buffered water,
appears to increase the toxicity of ammonia along with the

associated tissue damage.
4. In general the rainbow trout appear to be neurologically

more severely affected in tris-buffered high ammonia treatments

than their counterparts in phosphate buffered dilution water.
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EXPERIMENTS WITH CARP
6 .5.MATERIALS AND METHODS

Two experimental trials were carried out on carp in tris-
buffered dilution water at different Ilevels of unionized
ammonia. The experimental method and procedures followed were
identical to those used in Chapter 4 except for the use of
tris-buffer at 0.01 M concentration to maintain the pH. Two
groups of fish were used. In the Tfirst trial the fish used
were smaller and weighed 4.42 + 1.99 grarnsU SD) and measured
6.96 + 1.80 cms,(x SD) while those used in the second trial
weighed 52.72 + 11.46 grams(xSD) and measured 13.53 + 1.67

cms(tSD) .
6.6 RESULTS
6.6.1 WATER QUALITY

Mean values of pH and temperature along with the various
unionized ammonia levels used in trial 1 and trial 2 are given
in Table 6.3 and 6.4, respectively. Because of the
interference of tris-buffer with the measurement of ammonia
the measurable values were erroneous and very variable.
Although attempts were made to adopt an alternative method
(direct Nesslerization method; Stirling, 1985) wide variations
were encountered. Hence total ammonia levels were calculated
from the exact amounts of ammonium chloride added to the water
and the same values were used in calculating the unionized

ammonia levels based on the measured mean values of pH and
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teaperature during the experimental period. Since all the fish
used iIn these experiments were starved for at least one week
before experimentation it was expected that the increases in
the ammonia levels as a result of the fish’s own metabolic
activity (especially in the controls) were negligible as
already noted in Chapters 3 and 4 for carp and trout

respectively.
6 .6 .2_.MORTALITIES
Thirty percent of the carp died in ammonia concentrations of

1.72 mgl-° in the second trial. Except for this no mortalities

were noted in other experimental treatments.
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6.6 .3.HISTOPATHOLOOY

CONTROL FISH (TRIAL 1 AND 2)

Typical lesions of phosphate buffered experiaental control
carp gills (Chapter 4 ) were not seen in carp subjected to
tris-buffered dilution water. There were no Tfibroblast like
elongated cells seen in the lasellar and inter laaellar
regions. In otherwords the control gills remained normal (Plate
54) .The EGCs were moderately present throughout the gill
tissues. Rodlet cells were also present especially in the

connective tissues of gill septum and arch.

FISH EXPOSED TO LOW AMMONIA

Fish subjected to the lowest ammonia concentration of only
0.23 mgl* UIA did not show any changes but for the presence
of some of the lamellar alterations seen in the control fish.
But fish subjected to the other two low levels of ammonia (ie
0.42 and 0.61 mgl*™™ UIA) showed mild but significantly
recognisable swellings of the kind noted in the phosphate

buffered ammonia exposed carp (Plate 55).

In these two low level ammonia concentrations the frequency
of these lesions that were typically nodular swellings, were
smaller in size (Plate 55 ). The chloride cells on the inter
lamellar epithelium were and conspicuously swollen, relatively
fewer chloride cells were noted on the lamellae. There was an
increase in the density of EGCs when compared with the controls

in the epithelia as well as the connective tissues.
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AT HIGH AMMONIA

At a high aDBonia concentration of 1.72 mgl** UIA (trial 2),
the lesions were typically identical to those already seen in
high auonia exposed carp in phosphate buffered water. The
nodular swelling were extensive on the Tfilasent and arch
epitheliua (Plate 56,58a). Large intact sloughed nodules were
seen in the interfilaaental areas. Aggregations of EOCs
enclosed within syncytia like structures along with other
necrotic cells were extensive seen (Plate 56). In these bigger
fish, the chloride cells were severely hypertrophied on the
lanellae and appeared in small aggregations (Plate 67).
Condensation of the nuclear material (pyknosis) and cellular
necrosis was also noted iIn such cells. Necrosis of the
epithelia in general was characteristic. Severe exhaustion of
the mucous cells was also once again seen , while SEM also
revealed the thickening of the mucus iIn the mucous cell

openings in some areas of the gill epithelium.

The changes that were noted in EOCs and rodlet cells were
similar to those in the phosphate buffered experiments.An
increase in the rodlet cell infiltration was evident at low
ammonia concentrations (Plate 59). The mucous cells on the
filaments iIn the case of ammonia exposed carp were more PAS
positive in combined AB and PAS staining at pH 1.0, indicating
the predominance of carboxylated and neutral mucopolysacch-

arides .
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Plate 55.

a. SEM of carp gills exposed to 0.61 agl"™ UIA for 7 days in
tris buffered dilution water showing the appearance of

nodular swellings on the filament epithelium (arrowed) 120X.

b. A higher magnification micrograph showing swelling of the

epithelium with an increased mucous cell openings. 332X.
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Plate 58.

a. Carp exposed to 1.72 «gl'"“ UIA showing nodular swellings on

the arch epitheliua after three days exposure. PAS 600X.

b. SEM of the filament epithelium from carp exposed to 1.72
Bgl'™* UIA for seven days showing the erosion of microridges on
the filament epithelial cells and the thickened mucus on the

mucus cell openings 2700X.
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DISCUSSION
CARP EXPERIMENTS

The current experi»ental finding that the control carp did not
ahow any adverse histological alterations except for few minor
changes, is intact in contrast to the observations made in the

phosphate buffered experiments and it clearly demonstrated

that tris-buffer was not as detrimental as phosphate buffer.
However, its interference iIn the measurement of ammonia was

once again its main disadvantage.

The minor changes that were noted in the control carp indicate
that although tris-buffer is not so detrimental as phosphate
buffer, nevertheless these appears to be some mild irritation
being exerted on the gill epitheliu*.

In the case of fish exposed to 0.23 mgl"“ UIA, although there
were no apparent lesions, at 0.42 ngl™ UIA small lesions were
clearly evident and such lesions moderately increased at 0.61
mgl““ UIA but became more extensive and severe at 1.72 mgl *
UIA. Thus these results showed a sharp difference iIn the
concentration of ammonia at which the lesions were initiated
compared with those of the phosphate buffered experimental
results. In the previous carp experiments, no tissue lesions
or alterations could be seen at ammonia concentrations as high
as 0.50 mgl-< UIA while 1.0 mgl*» UIA showed only mild to

moderate lesions, but here in the current experiments the

lesions were present at ammonia concentrations of 0.42 and

0.61 mgl-“ UIA.

231



Hence these results indicate that the awionia was «ore toxic
in tris-buffered water than there of phosphate buffered waters.
Since buffering of water with sodium phosphate buffer usually
results in elevated levels of Na’ ions, this night have been
sone how alleviated the toxic effect of annonia (Bedneretald.
1980) on the gill tissues at these low levels of auonia.
McFarland and Norris (1958) in their tris-buffered fish
transportation experiments encountered variations in the
measured ammonia concentrations, although these authors
indicated that the method of ammonia estimation adopted here
(KJeldal method) is subjected to an error of at least 10
percent, nevertheless suggested that the -NHj group present in
the buffer molecule might have dissociated during the process
of estimation and resulted 1iIn the Increases of ammonia
concentration. If it is so the possibility of such dissociation
occurring within tissue compartments or within the water may

have to be considered.

Nevertheless the fact that the tissue lesions typical of
ammonia exposure (a@as noted in the experiments detailed in
Chapter 4. ) increased with increasing concentrations of ammonia
and that these lesions basically did not differ from the
previous experiments has further demonstrated that the such
cellular and tissue lesions as noted in these carp gills were

a direct cause of aa»onia toxicity.

Although extensive studies have been carried out in the past
to understand the movement and fluxes of such ions as Na ,

NH4*. H* and CI*, what effect can these ions could have on the

presence f or active fluxes of other ions such as HPO«*", 804*
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7.1 INTRODUCTION

From the experimental results in chapter four and five, it was
noted that the use of either phosphate or tris-buffer in itself
did not result in any apparent histological changes in the case
of rainbow trout (controls) and the pathology attributable to
ammonia remained similar under both tris and phosphate buffered
experimental conditions (except in the case of very high

hardness: see chapter 6).

However, in the case of carp, although the tissue lesions due
to high ammonia exposure remained the same in both phosphate
and tris-buffered experiments, the phosphate buffer exerted
severe detrimental effects which were unique to the control

fish. Secondly, in the phosphate buffered experiments, the gill
lesions were absent at 0.5 mgl™ UIA, while in tris-buffered
experiments mild lesions were evident both at 0.42 and 0.61
mgl“* UIA. Thus these results indicated that some possible
differences existed in the mode of action of ammonia in the
presence of these two buffers, at least at the levels of low
ammonia concentrations. These differences might have been due
to the possible alleviation of ammonia toxicity at low levels
of ammonia in phosphate buffered experiments or an exacerbation

of the ammonia toxicity in tris-buffered experiments.

The fact that the rainbow trout exhibited more evere
neurological signs in tris-buffered experiments than in the
phosphate buffered experiments was also suggestive that ammonia

was more toxic in tris-buffered experiments.
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Hence, the possibility of tissue changes noted in carp and
trout at high alimonia levels not having been influenced to
certain extent by the buffers used could not be ascertained
without the experimental knowledge of the effects of ammonia
on the gills iIn the absence of these buffers. Therefore, a
further set of experimental trials was carried out without the
use of any buffers both on trout and carp to find out if
ammonia in the absence of buffers produced similar lesions as
seen in the previous experiments or, if not, the possible

interaction of buffers in ammonia toxicity.

EXPERIMENTS WITH CARP
7.2 MARETIALS AND METHODS

Common carp weighing 8.76 4 2.5 (®SD) grams and measuring 8.30
+ 0.9 (#SD) cms were used iIn these tests. Only one experimental
trial was conducted with a duplicate set of tanks being used
for each of the three ammonia concentrations tested with one
duplicate set of controls. The experimental system, set up, and
the number of fish per tank and the acclimation procedures
remained similar to those in the previous experiments. The
sampling procedure was also identical with five fish being
sampled from each tank after three days of exposure and the

remaining five fish after seven days exposure.

A dilution water of hardness 50.0 + 1.65 (x SD) mgl*™* as CaC03
was used with no added buffers. The initial pH of this dilution
water varied between 8.01 to 8.14 and the temperature adopted
was around 27°C. Water quality parameters were monitored
throughout the experimental period for each individual tank,

on between three and five occasions and the mean values were
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calculated.

7.3 RESULTS
7.3.1 WATER QUALITY

The results of the water quality parameters measured during the
experimental period are summarized in Table 7.1. Although the
initial pH of the dilution water measured was around pH 8.09,
over the experimental period variations within the measured pH
values of the individual tanks were noted. Such variations
remained the same between the treatments as could be seen from
means of the mean values for each duplicate set of tanks (mean
+ SE) (table 7.1).The overall variations encountered ranged
between pH 7.69 and pH 8.09 (minimum and maximum values

measured over the experimental period).

Thus at the highest concentration of ammonia tested in the
present experiments, the unionized ammonia concentrations
would have TFluctuated between 1.02 — 2.39 mgl with an
overall mean value of 1.66 mgl'™* UIA. Apart from pH, the other
water quality parameters did not fluctuate very much and were
relatively constant. Also in the present experiment, as a
result of the absence of any buffer, the electrolyte
conductivity of the test solutions measured were very low in
comparison with those of the previous experiments where buffers
were employed. The smaller differences noted in the measured
electrolyte conductivity in the present experiment were as a
result of the presence of varying amounts of ammonium chloride.
The nitrite-nitrogen values recorded remained insignificantly
low and far below the proposed safe nitrite-nitrogen criteria

for coarse fish (EIFAC 1984).
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7.3.2 MORTALITIES AND BEHAVIOURAL RESPONSES

No mortalities were noted in any of the experimental treatments
during the experimental period. Carp exposed to 0.88 and 1.18
mgl'™ unionized ammonia showed relatively minor signs of
distress during the first two to three days, after which they
appeared relatively normal. However, at 1.66 mgl*“ unionized
ammonia Ffish exhibited severe neurological signs, with the
loss of equilibrium and occasional hyperexcitability. Such
behavioural signs continued for the first three to four days
after which on the fish became relatively less distressed

except for the loss of equilibrium exhibited by some fish.

7.3.3 HISTOPATHOLOGY

CONTROL FISH

The control carp showed no tissue or cellular alterations in
the gills, both after three and seven days of exposure (Plate

60) .

FISH AT 0.88 mgl~ UIA

At low concentrations of ammonia a moderate increase in the
concentration of chloride cells in the interlamellar regions
and an increased appearance of such swollen chloride cells on

the lamellar epithelium was seen.

An increased infiltration of eosinophilic granular cells into
the gill epithelium and connective tissues was also clearly
evident. Increased mucus secretion was once again a
characteristic feature at low levels of ammonia with no obvious
necrotic changes and vacuolation of mucous cells. A generalized

loosening of the squamous epithelial cell layer of the filament
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And [lAnellae was oft-en noted in some areas. Cytoplasnic
vacuolations were particularly visible in the epithelial layer
of cells within the interlaaellar regions. Nodular epithelial
swellings were very rare but when found occasionally they were
small, comprising of only a fewer degenerating cells. Pyknotic
cells were occasionally seen amongst the normal looking cells

of the epithelium.

At 1.1Smgl-» UIA

At this higher concentrations of ammonia smaller nodular
swellings could be occasionally seen, but they were neither
seen in large number nor did they increase in their size to any
great extent unlike those of the phosphate or tris-buffered
experiments. However, sloughing of lamellar and filamental
squamous epithelium was more common at this concentration of
ammonia. The sloughing of mucus and mucous cells along with the
epithelial cells was more extensive. The densities of EGCs also
greatly increased in the epithelia and the connective tissues.
Extensive degranulation and degeneration of the EGCs was noted
in the connective tissues and the gill epithelium. Frequently
EGCs were also seen within the secondary lamellae of these
small fish. Mucous cell exhaustion and vacuolations were also
noted in the gill epithelia. In addition to these changes, the
degeneration of the muscle bundles that support the gill rods

(the cartilaginous gill rods of the filaments) was extensive.

At 1.66 mgl-t UIA

At the highest concentration of ammonia (1.66 mgl"“ unionized

ammonia) the lesions were almost identical to these noted at
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1.18 mgl'* UIA, but the intensity of the necrotic changes had
increased. More pyknotic cells appeared within the epithelia
and generalized cellular necrosis and vacuolations were much
more obvious. The nodular lesions were once again fewer and
smaller iIn size in comparison with those of the carp exposed
to similar ammonia concentrations in phosphate or tris-buffered
experiments (Plate 61b and 62). Chloride cell swelling and
necrosis on the lamellar epithelium was more commonly seen
(Plate 61a). Loosening of the outer squamous epithelial layer
with increased sloughing, along with an increase in the
cytoplasmic vacuolations were more characteristic changes seen
in these experiments (Plate 63) when compared with those of
the buffered experimental Tfish (Chapters 446) where the

nodular swellings were more dominant.

In the combined AB and PAS staining at pH 2.5, there was an
increase in acidic mucous cells staining strongly AB positive,
and these cells were augmented with a second type of cell that
was more green in staining and extended from the deeper layers
into the surface region. Extenwsive sloughing of the mucous was

also seen (Plate 64).
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Plate 61.

a. Photomicrograph of carp gill lamellae from fish
exposed to 1.18 mgl~* UIA, showing severe chloride cell
proliferation and inclusions within the chloride cells

(arrowed). H&E,  1500X.

b. Photomicrograph of the gill tissue across the Ffilarents
of carp exposed to 1.66 mgl*™> UIA for seven days showing the
nodular epithelial lesions in the interfilamental region
(arrowed). Also present are PAS positive eosinophilic

granular cells. PAS, 375X.
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Plate 62.

a. Photomicrograph of the nodular lesions on the gill arch
epithelium (arrowed) of carp exposed to 1.66 mgl"™* UIA for

seven days.PAS 600X.

b.Changes in the mucous cells of the gill epithelium at 1.66
mgl"“ UIA, showing the occlusion of the mucous cells

(arrowed)and vacuolations. PAS 600X.
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Plate 66.

Photomicrograph showing intense infiltration of eosinophilic
granule cells in the connective tissues of the gill septum in
carp exposed to 1.66 mgl~* UIA for three days. Note the
presence of both dark staining intact EGCs (arrowed) and pale

staining degranulated EGCs (arrow heads). PAS,1500X.
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7.4 DISCUSSION

The current experinental results indicate that the carp gill
lesions due to annonia in non buffered water varied from those
seen iIn buffered experiaents 1iIn two aspects. Firstly the
occurrence of epithelial nodular swellings was relatively minor
and secondly the loosening of the epithelial surface layers and
their subsequent sloughing was increased greatly. However, the
other characteristic changes such as: (1) chloride cell
proliferation, swelling, and subsequent necrosis, 2)
infiltration of EGCs into the gill tissues their degranulation
and degeneration (Plate 66) and (3) mucus and mucous cell
sloughing and vacuolations, were common in this experiment

(Plates 64,65) .

A considerable reduction in the occurrence of nodular swelling
in the gills of carp exposed to ammonia in non-buffered
dilution water as compared with those of the previous buffered
carp experimental results (Chapters 4 and 6), and a consequent
increase in the loosening of the surface epithelium suggests
that the carp gill lesions due to ammonia are being altered
to some extent in the presence of buffers. It was also noted
in the previous carp experiments that the epithelium was less
affected generally, and most often the nodular swellings in
the epithelium retained an intact outer squamous epithelial
layer.Also the lamellar epithelium was less affected in terms
of loosening or sloughing. However, in the present experiments,
the nodular lesions were significantly fewer in and the ammonia
appeared to be affecting more of the surface epithelium
directly in contact with the water, along with subsequent
cellular degeneration in the deeper layers.Thus it appears that

the integrity of the cell and cellular membranes, particularly
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those of the squanous epithelial layers, were protected in the

presence of both buffer and aaBonium chloride, while iIn the

absence of buffer and presence of amaoniuB chloride alone there

is no such protection.

Since the pH of the present non buffered experiaental solutions
re»ained relatively more alkaline than those of the buffered
experiments where the pH was maintained within a narrow range,
the unionized form of ammonia would have been obviously more

predominant in the current experiments than those of the

buffered experiments. Thus the predominance of more toxic

unionized forms of ammonia at the gill surface might have been
the cause of the changes seen such as the loosening of the
squamous epithelial layer and subsequent sloughing (Plate

63,64).

An increase in the electrolyte concentration as noted by the
very high values of electrolyte conductivity in the buffered
experiments, which were also augmented by the use of relatively
high amounts of ammonium chloride for the maintenance of
required UIA concentrations, might have had a stabilizing
effect on the cell membranes. On the other hand, the absence
of such an effect in the non buffered experiments where the
electrolyte concentrations were low and proportionately more
irritant UIA was present, would have been in fact responsible
for the actual differences in the histopathology noted,
experiments.

The present experimental results are in more agreement with

those of Flis (1968a,b) where the degenerative changes and

sloughing of squamous epithelium and mucous and mucus cells was
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predominant. Since Flis (1968a,b) did not use any added buffers
in his experimental studies, but the alkaline pH was maintained
rather by the use of ammonium hydroxide which served both as
a buffer and a source of ammonia, the lesions described by
Fl1is(1968a,b) do not mention the presence of any nodular
epithelial lesions of the type noted in the previous phosphate
or tris-buffered experiments, but rather more degenerative
changes resulting in the loss of the epithelia, similar to the

current experimental observations

EXPERIMENTS WITH TROUT

7.5 MATERRIALS AND METHODS

Rainbow trout used in this trial had a mean weight of 17.98 *
3.99 (#SD) grams and a mean length of 12.11 + 0.91 (* SD) cms.
A single experimental trial was conducted with two
concentrations of ammonia and a control. Due to the shortage
of available fish the treatments could not be replicated and
hence only one test tank per concentration was used. The two
concentrations of ammonia tested were 0.57 mgl*~ UIA and 0.76
mgl““ UIA. The experimental procedure, set up, number of Tfish
per tank and other procedures were similar to those of the
previous experiments on trout, except that the water was not

buffered.

RESULTS

WATER QUALITY

The means (tSD) of the water quality parameters measured for
each of the experimental tanks during the experimental period
are provided in Table 7.2. The values provided are the means
of at least 4 estimations of each parameter made during the

experimental period.
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7.5 MORTALITIES AND BEHAVIOURAL CHANGES

No mortalities were noted 1in either of the ammonia
concentrations in spite of their concentrations being higher
than the earlier experiments. However, behavioural changes as
described at the higher concentrations of ammonia in the
previous experiments were noted at both the ammonia
concentrations of the present experiment. Distressed
neurological signs were once again more predominant at the
highest ammonia concentration, where some fish were partially
paralysed and lay at the bottom untill the end of the

experiment.

7.6 HISTOPATHOLOGY

The control Ffish possessed normal gills with no noticeable
changes (Plate 67). However, in the case of trout gills
exposed to ammonia concentrations the typical changes as noted
in the earlier experiments were present. Notable changes of
ammonia exposure such as an increased chloride cell
proliferation, oedematic changes in the epidermis, mucous cell
vacuolation and necrosis were common. The loss of mucus was
greater at both the ammonia concentrations (Plates 68,69,70).
Pyknotic changes were noted both in the Hlamellae and the
filament epithelium and were once again a clear indication of

the toxic effect of ammonia on the gills.

Such epithelial loosening and sloughing as seen iIn the carp
gills was not seen in trout (except in the case of mucus) and
the lesions were similar to those seen in the previous buffered

experiments (Chapters 5 & 6) at 25 ppm hardness. Thus the
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histopathology of the trout gills in the current experiment was
not altered in the absence of buffers and the pathological

changes were similar.

7.7 DISCUSSION

The absence of any fish mortalities at a high concentration of
ammonia in the present test (0.76 mgl*™* UIA), reemphasizes the
general opinion that at higher pH unionized ammonia is less
toxic (Redner et ai. 1980; Thurston etal. 1981; Szumski étal.
1982; Sheehan and Lewis 1986). Although theoretically the
ammonia toxicity has been known to increase positively with
increasing pH, 1in Tfact it has been noted by the authors
mentioned above that this is not actually the case. For
example, the LC 50 values of UIA for rainbow trout at pH
6.80, 7.30, 7.82 and 7.87 were respectively 0.152, 0.374,
00.523 and 0.558 mgl* (Thurston etal. 1981). Similar results
were noted by Sheehan and Lewis (1986) where the LC50 values
of UIA for channel catfish at pH 6.0, 7.2, 8.0 and 8.8 were
0.74, 1.04, 1.45 and 1.91 mgl*™~. Thus these results indicate
that the ammonia toxicity in terms of unionized ammonia is less
toxic as the pH increases. Therefore the absence of mortalities

noted here may be as a result of this effect.

On the other hand the pathology did not change in any way from
that seen iIn the phosphate and tris-buffered experiments as
detailed in Chapter, 5 and 6. Thus these experimental results
confirm that the gill pathology in trout due to ammonia is not
influenced by the presence of buffers within the time period

of these experiments.

The experimental results noted in these different trials on
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trout are in agreement with the general opinion that annonia
does causes such cellular changes such as lamellar hypertrophy
(ie. chloride cell proliferation), enhanced mucus secretion,
oedema and vacuolation (Smart, 1975; Smith and Piper, 1975;
Thurston etal. 1984; Klontz etag, 1985), although changes such

as telangiectasis and severe hyperplasia are questionable.
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Plate 68.

(@ A photomicrograph of trout gill lamellae exposed to 0.57
mgl“* UIA for seven days showing severe chloride cell

proliferation and hypertrophy. HAE, 1500X.

() Trout gill lamellae from fish exposed to 0.76 mgl“* UIA
for seven days showing severe chloride cell proliferation and

cytoplasmic vacuolations. HAE, 1500.
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Plate 69.

a. A photomicrograph of gill arch epithelium showing normal

distribution of mucous cells. PAS/AB at pH 2.5, 600X.

b. A photomicrograph of gill arch epithelium of trout exposed
to 0.57 mgl~* UIA for seven days showing mucous cells with
flocculated contents and undergoing necrosis.PAS/AB pH 2.5,

600X .

257















The effects of ammonia on the gill tissues of carp and trout
were investigated in static experiments under standard water
quality conditions, using recommended buffers for the
maintenance of a constant pH, to provide a comparative gill

pathology caused by ammonia.

A standard dilution water of 50ppm hardness was used in carp
experiments, while in the case of trout a standard dilution
water of 25ppm hardness was used in all but one experiment

where a high hardness dilution water of 250ppm was also tested.

Phosphate and tris-buffers were used at concentrations

generally adopted in the toxicity studies.

The phosphate buffer used was a combination of sodium
dihydrogen phosphate and disodium hydrogen phosphate at O0.0IM
concentration,while the tris-buffer used was a combination of

trizma base and trizma hydrochloride at 0.0IM concentration.

Finally experiments were also conducted in dilution water only,

with no buffers added.

Histopathological studies carried out included an extensive
examination of light microscopic gill histological sections,
augmented by both scanning and transmission electron

microscopic studies.

Changes noted in the most common cell types of the gill
epithelia covering the gill arch, filaments and lamellae were

described.
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From the experimental results presented in this thesis it is
very clear that distinctive pathological changes attributable
to toxic ammonia concentrations were recorded in both carp and

trout gill tissues.

In the case of trout no apparent variations in pathology due
to the toxicant were noted under three different water quality
conditions tested (namely, phosphate buffered dilution water
of 25ppm hardness, tris-buffered dilution water of 25ppm
hardness,and unbuffered dilution water of 25ppm hardness),
except for the more severe behavioural and neurological signs
in the tris-buffered experiments.The major disadvantage of
tris-buffer was its interference with the ammonia in the water

and occasional precipitations.

The pathological changes noted in the trout gills included an
enhanced chloride cell proliferation and necrosis, an increased
infiltration of the EGCs and their degranulation, and an
increased mucus secretion, mucous cell exhaustion, hypertrophy
and vacuolation. Cellular oedema was one of the most
characteristic changes in these experiments apart from the

above mentioned changes.

However, at the high hardness level, in tris-buffered trout
experiments the pathological changes were more severe and
pronounced. Profuse mucus secretions were noted in the early
stages, but towards the end of the experiments severe
vacuolations and total exhaustion of a majority of the mucous
cells occurred all over the gill epithelium. A generalized
cellular condensation and necrosis of the cells of the gill

epithelium was noted. Nuclear changes characterised by changes
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such as pyknosis and karyorhexis were also increased. Severe
hypertrophy of the cells of the Jlaaellar epithelium and
vacuolations were, however, the other most conspicuous changes

under high hardness conditions.

Thus these experiments on trout confirm that ammonia brings
about changes such as lamellar hypertrophy (which could be
more appropriately refered as lamellar chloride cell
proliferation and hypertrophy), increased mucus secretion and
mucous cell necrosis, increased infiltration of EGCs, cellular
vacuolations and oedema, and changes such as pyknosis and

karyorhexis.

These experiments have also demonstrated that the pathology due
to ammonia was not apparently influenced by the buffers used
when such results were compared with nonbuffered experiments
under 1identical water hardness conditions. However in tris-
buffered experiments ammonia appears to be more toxic and
under the conditions of high hardness the pathological changes

noted in the gills are more severe and detrimental.

Hardness has been known to have no significant effect on the
toxic effect levels of ammonia on fish ( Emerson eta/., 1975;
Alabaster and Lloyd 1980), but there is no experimental
evidence available as to the effects of ammonia on Ffish
tissues under high hardness conditions. Subjecting fish
reared under low water hardness conditions to a very high
hardness water will have an obvious osmotic impact due to an
increased ionic concentration at the gill surface. Although
fish such as rainbow trout have the innate capacity to adjust

to such conditions an initial increase in the gill metabolic
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activity is inevitable. Since anaonia in itself under low
hardness conditions can bring about such changes as increased
chloride cell proliferation and hypertrophy, apart fro« other
changes that have been described, the more pronounced changes
noted under high hardness and high anmonia conditions thus
appear to be the combined effect of increased hardness and

ammonia.

In the case of carp, entirely different and peculiar
observations were noted in addition to some of the changes

already noted in ammonia exposed trout.

Firstly the carp gills reacted in a very drastic way to the
phosphate buffer, resulting in severe and extensive
hyperplasia and hypertrophy of the Tfilamental as well as
lamellar epithelium. Intense mucous cell proliferation and the
appearance of a type of specialized cells so far undescribed
were noted in the inter lamellar and lamellar epithelia of the
control fish. Also, an enhanced infiltration of the EGCs and

other cells of probable leucocytic origin occurred.

Such drastic changes were surprisingly absent in similar
buffered treatments that contained various amounts of ammonia
in the form of ammonium chloride. At the Ilowest Ilevel of
ammonia concentration tested (0.5 mgl“*UlA,= 18 mgl * TA,= 68
mgl™ NH4CI), no tissue damage was noted. While at 1.0 mgl**
UIA,( = 36 mgl*™ TA,=131 mgl* NH4Cl) only mild changes
representing a chloride cell proliferation, infiltration of
EGCs and a different type of lesion taking the form of nodular
epithelial swelling was noted at low intensity. But at higher

ammonia concentrations of 1.5 mgl*™ (=53 mgl * TA,=197 mgl
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NH4C1) the nodular lesions were quite extensive and were noted
all over the gill epitheliun except the lamellar epithelium.The
infiltration and degranulation of the EGCs was also extensive
and the epithelium in general appeared more granular or
vacuolar as a consequence of necrotic changes in the EGCs.
Changes iIn the mucous cells and epithelial cells were also

conspicuous.

When these experiments were repeated with tris-buffered
dilution water the control fish did not develop any pathology
or tissue alterations but remained normal. However in fish
exposed to ammonia, mild lesions of the type noted in the
phosphate buffered experiments were noted at concentrations
of ammonia as low as 0.42 mgl*™ UIA (=20.0 mgl*™* TA, = 76.4 mgl*®
1NHACI) and 0.61 gl UIA (=16.90 mgl™* TA,= 64.5 mgl™ NH4CI),
while the lesions at higher concentrations of ammonia were
extensive and identical to those seen iIn the case of high

ammonia exposed phosphate buffered experiments.

Finally when these experiments were repeated in unbuffered
dilution water a variation in the type of tissue lesions was
noted. The extensive nodular tissue lesions as seen in the
case of high ammonia exposed carp in phosphate buffered and
tris-buffered waters were seen only on a minor scale, even at
ammonia concentrations as high as 1.66 mgl*™ UIA (= 31.86 mgl
“ TA,=127.99 mgl"* NH4Cl). Instead filamental and lamellar
epithelial loosening and sloughing was predominant. Changes
in the EGCs, chloride, cells and mucous cells were as in the

other experiments.

Thus these results on carp in particular have demonstrated
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that although the pathological »anifcBtationa due to aamonia
in carp are more regressive and necrotic in comparison with
those of trout,nevertheless they more variable depending on the
water quality and the chemical substances used in buffering the

water.

In trout, although such variations in pathology as seen in the
carp gills under identical water hardness were not seen,
nonetheless an extreme variation in the pathology was noted
at high hardness and high ammonia conditions. Thus the overall
results from the carp and trout experiments suggest that
variations in the water quality are primarily responsible
as a cause of variability in the pathology due to the
toxicant. In other words these results suggest that the
possible wide variations that have been reported iIn the
literature both on the histopathology and lethal level values
of ammonia to fish might be accounted for by such discrepancies
in water quality resulting from the variations in the
hardness, alkalinity, conductivity and use of chemical salts

to regulate the pH.

For instance the median tolerance limits of ammonia reported
by Rice and Stokes(1975) for rainbow trout wherein tris-
buffer was used at 0.05M to maintain the pH, was only 0.072
mgl-“ as UIA for both fry and adult fish. This value is not
only at variance with the reported Ilethal threshold
concentrations of ammonia to trout by other workers (Alabaster
and Lloyd 1980; Meade 1985) but is ridiculously low. Such a
mistake now appears to be due to the use of tris-buffer and
the failure of the authors to visualize the interference of

tris with ammonia measurement,rather than the Tfish being so
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sensitive to amaonia as these author’s results sight suggest.

It can also be noted fro« the studies of Hasan and Macintosh
(1986) that the LC50 values reported for carp fry of

0.2-0.3 gram size, in phosphate buffered dilution water are
the highest so far reported for common carp of any size (Rao
et al. 1975; Dabrowska and Sikora 1986).Such higher values might

have resulted as a consequence of the use of phosphate buffer.

However the 96 hour and 168 hour LC50 values reported by Hasan
and Macintosh (1986) for young carp of only 0.2-0.3 mg size
(at 1.74- 1.84 mgl“* as unionised ammonia respectively) are by
far the highest recorded in the literature. These values are
approximately twice as much as those of the LC50 values
reported by Rao etal.(1975) for common carp of 1-2 gram size
(at 0.96 mgl"“ as UlA)and are considerably higher than those
LC50 values of Dabrowska and Sikora (1986)for common carp of
23- 43 grams (48-h LC50 values being within 0.91-1.56 mgl"*
as UIA). Therefore it seems more probable that the phosphate
buffer might have had some possibly a beneficial effect in
the presence of ammonia. Further more Hasan and Macintosh(1986)
reported some mortalities in the controls but not at low
concentrations of ammonia, indicating that the phosphate buffer
was probably detrimental in the absence of ammonium salts but
became more toxic as the ammonia concentrations increased.
Although the behaviour of the binary mixtures of the buffer
chemicals and the ammonium salts is not well known it might
be that the an enhanced Na concentration had some beneficial
role by being available along with the CI'" ion for the
exchange processes. Redner etal. (1980) noted an alleviation of

the short term ammonia toxicity due to the addition of sodium

265



chloride to the experiaental mediun in the case of channel
catfish. These authors, while coaaenting that the sodiun
depletion was probably the contributing factor for the ammonia
toxicity mechanism,later observed that such a protective
mechanism did not last for more than 24 hours, as there was no
significant difference in the LC50 values of NaCl supplemented
and non supplemented experiments and concluded that there may
be other possible ways of ammonia toxicity. However these
results reflect a possibility that the fish may become more
acclimatised during this short period of time and thus may in
fact have an influence on the 1long term LC50 values,
positively resulting in elevated values as noted by Hasan and

Macintosh (1986).

Thus these results indicate that while the buffers themselves
could be detrimental to fish, their effects in the presence
of ammonia appears to be either antagonistic or additive, or
both, depending upon the concentration of the toxicant ammonia

and the buffer type involved.

In spite of the above disparities the most important outcome
of these experiments is the finding that ammonia is extremely
toxic to gill tissues and can cause necrotic and degenerative
changes in various cell types and in particular the cellular
components of the most active gill cells such as the chloride

cells, the mucous cells and the eosinophilic granular cells.

The significance of such cellular damage of the gill tissue may
only be understood with a due consideration of the structural
and functional complexity of the gill tissue. From of the vast

body of recent information that has been generated on the
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ultrastructural and physiological aspects of the normal gill
tissues, the branchial epithelium has been recognised as an
extremely complex tissue in both its structure and
physiological Tfunctions (Mommsen,1984). The fish gills
constitute the major organs of respiratory gas exchange, play
important roles for ionic and osmoregulatory balance, and are
the main location for the excretion of the nitrogenous
substances. In addition they also constitute the major site of
diffusional exchange of water across the gills. All these
functions, with the exception of the exchange of water, oxygen
and carbon dioxide which seem to be due to diffusion are known
to require a metabolic activity that is on a gram basis and
in a resting animal surpasses all the remaining fish tissues.
The high metabolic activity is also due the abundance of
mitochondria in specialised gill cells such as chloride cells
and mucous cells with defined functions.The musculature of the
gill filaments and the pillar cells of the lamellae with their
contractile properties are known to be obvious oxygen demanding
components of the gills. In view of such an high metabolic
stature,the effects of ammonia loading could be detrimental
to physiological functioning of the gill tissue.Available
information on the toxic effects of ammonia on the
physiological processes indicates that ammonia has both a
membrane and metabolic effect (Campbell, 1973; Heisler,1984,
Randall and wright 1987). It 1is known to affect various
membranal exchange processes including the mitochondrial K
and H* ion exchanges, thus affecting the oxidative processes of

mitochondria (Campbell, 1973).

Stimulation of glycolysis, suppression of the tricarboxylic

acid cycle and depletion of the cerebral energy metabolism have
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been well documented in fish (Sousa and Meade 1977; Smartil978;
Chetty, Naidu, Reddy, Aruna and Swami 1980; Arillo etal.1981).
Sousa and Meade(1977), also suggested that an accumulation of
metabolic acids resulting from enzymatic stimulation of
glycolysis by ammonia and suppression of the tricarboxylic
acid cycle may cause oxygen to be prematurely released from
haemoglobin by disturbing the blood buffer system.

According to Heisler (1984), during stress conditions the
capacity of the excretory organs is usually not enough to
prevent transient acid base disturbances as a result of
continuous production of and OH" ions which are ordinarily
eliminated by the excretory organs under normal steady state
condition. The buffering capacity of the fish blood and
intracellular compartments are generally much smaller than in
higher vertebrates, and that the fish’s capacity for adjustment
by increased respiratory compensation is also limited due to
the relatively low oxygen content of the water and to the
physical limitations and energetic problems with Jlongterm
hyperventilation of the viscous gas exchange medium. Thus these
disturbances may be of greater significance in fish than in
higher vertebrates. It has also been shown that the intensity
of the exchanges of NaVNH4”, NaVH’and CI"/HCOj" 1is closely
lin)ced to the regulation of the internal acid-base equilibrium
and the elimination of ammonium (Payan 1980). Thus an increased
ammonia loading may be upsetting the ionic exchange processes

as such due to its influence on acid-base regulation.

Since the maintenance of a constant pH in the body fluids at
a given temperature is one of the important homeostatic taslcs
of regulatory systems in animals, disturbances in acid base

regulation and resultant pH alterations may affect the enzyme
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systens that catalyse the netabolic reactions which possess
pH optima within a narrow range (Heisler,1984). Therefore the
pathological processes noted in the gill tissues of high
ammonia exposed fish, such as increased chloride cell
proliferation and their necrosis, appears to represent an
initial increased metabolic state and a progressive loss of
control of cellular activity. The necrotic changes
representative of the chloride cell mitochondrial swelling,loss
of mitochondrial matrix, and appearance of dark inclusions
within the chloride cells (carp gill particularly ) seem to
suggest a metabolic failure of these cells as a consequence of
ammonia induced changes. These observations are identical to
those described by Chow and Pond (1972)who have also reported
mitochondrial swelling it loss of mitochondrial matrix along

with the suppression of the citric acid cycle.

Apoptotic changes noted in the gill epithelium representing
various stages of cellular and nuclear condensation and the
phagocytosis of such cell by the adjacent cells suggests
i~xder metabolic and membrane effects of ammonia in the gill
tissues. Changes such as pyknosis, karyolysis, and karyorhexis
as noted in this study have also been reported by various
workers ( Burkhalter and Kaya 1977; Calamari et al. 1981).
Although excessive mucus secretions and mucous cell activity
have been described as a result of ammonia exposure
(Flis,1968b; Smart,1976 ; Calamari eta/. 1981), relatively very
little is documented on the structural changes of these
cells, hang etal. (1987) reported no evidence of ammonia having
an influence on mucus production based on mucous cell counts
of ammonia exposed trout. However their results are

contradictory to the present observations and might have been
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due to the loss or total exhaustion of the mucous cells.

As far as the eosinophilic granular cells are concerned, these
cells appear to be playing a possible defence role and
further investigations may be necessary to understand their
precise role. The inter and intra cellular oedema
characteristically seen in trout gills may be due to increased
permeability of the gill epithelium as has been suggested
(Lloyd and Orr 1969; Thurston etal. 1984). However, such oedema
was not conspicuous iIn carp but instead the cellular
vacuolations were characterised by the vacuolated or
degranulated EGCs. The appearance of the nodular hyperplastic
epithelial swellings in carp appear to be species specific,
been reported in fathead minnows (Smith, 1984) where the
hyperplastic lesions induced by ammonia were only seen in the
primitive meninx surrounding the brain tissue. Smith (1984)
also noted an abundance of vrodlet cells amongst the
hyperplastic tissue lesions, and such an increased occurrence
was also noticed in the case of ammonia exposed carp although
they were present in low numbers in the control gills. The

role of these cells also needs to be investigated.
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APPENDIX-1

The anatomical structure and the arrangement of the gill
filaments and lamellae does not differ much between carp and
trout, but a few marked differences do occur in the
morphological features of carp and trout gills. Some of these
differences, as noted in the present Iinvestigations, are
described in this appendix. The most conspicuous difference
between the carp and trout gills appears to be the epithelial
microridge pattern on the gill surface. In carp well defined
concentric whorls of microridges decorate the epithelial cells
of the filament and arch epithelium but the lamellar epithelium

is devoid of such microridges in general.

Secondly the carp gill filaments possess numerous regularly
spaced tastebud cells on the efferent side of the gill
filaments extending from the proximal end to about half the
length of the filament. On the other hand the trout gills do
not posses any taste bud cells on the Tfilaments and the
microridges do not form regular patterns as seen in the case
of carp, but are uniformly present on both the lamellar and
filament epithelium. The gill epithelium in general is richly
endowed with normal mucous cells which are commonly involved
in mucus secretions. The scanning electron micrographs from A
to F presented here represent some of the structural features
and differences discussed above.(Plates: A to D carp gills,

E and F - trout gills).
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Plate A

(1) A Scanning Electron Micrograph (SEM) of the normal gill

structure of common carp displaying filaments (primary
lamellae) with regularly and equidistantly arranged

lamellae (secondary lamellae), 200 X.

(2 SEM of the normal carp gill lamellae (700 X)




































APPENDIX 2

Processing routine for the automatic tissue processor

50X methylated spirits 1 hour
SOX methylated spirits 2 hours
100X methylated spirits 2 hours
100X methylated spirits 2 hours
100X methylated spirits 2 hours
Absolute alcohol 2 hours
Chloroform 2 hours
Chloroform 1 hour
Chloroform 1 hour
Paraffin wax 2 hours
Paraffin wax 2 hours
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APPENDIX 3

Haenatoxyl in-Eoain staining

(1) Bring section to water by baths in:

Xylene 5 minutes
Absolute alcohol 2 minutes
Methylated spirit 1.5 minutes

(2) Haematoxylin - 10 minutes

(3 Wash in tap water -1 minute

(@) Differentiate in Acid Alcohol IX
(G) Wash in tap water- 1 minute

(6) Scott’s tap water substitute - 1 minute
(7) Eosin - 3 minutes

(B) Methylated spirit - 30 seconds
(@ Absolute alcohol - 2 minutes
(10) Absolute alcohol - 1.5 minutes
(11) Xylene - 5 minutes

(12) Mount in synthetic resin
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APPENDIX

Aldan blue atalnlng pH 2.5

Alcian blue stain : Alcian blue 0.5 g
Glacial acetic acid 3 ml

Distilled water to 100 ml

Bring sections to water

Alcian blue stain - 20 minutes
Rinse in distilled water

Wash in running water - 5 minutes

Counter stain with IX agueous neutral red

Methylated spirit - 30 seconds
Absolute alcohol - 2 minutes
Absolute alcohol - 1.5 minutes

Xylene - 5 minutes

Mount in synthetic resin

Reading: Acid mucopolysaccharides ; green
Cell nuclei : red
Background - yellow
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APPENDIX

Periodic Acid - Schiff’s ( P.A.S.) Reaction

(€)) Sections to water

(@) IX Periodic acid - 10 minutes

(©)) Wash in tap water - 5 minutes

(G)) Schiff’s reagent - 20 minutes

® Wash in tap water

(®) Haematoxylin - 5 minutes

@) Wash in tap water

® Differentiate in IX Acid Alcohol

® Blue in Scott’s tap water substi®

0) Wash in tap water

a1 Methylated spirit - 30 seconds

a2 Absolute alcohol - 1 minute

a3) 0.3X tartrazine in cellosolve -

a4 Absolute alcohol - 1.3 minutes

as5) Xylene - 5 minutes

(16) Mount in synthetic resin

Results: P.A_S. positive : Red
Nuclei : Blue
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APPENDIX-6

Staining techniques for Rodlet cells in wax sections

( modified from Dougherty 1981):

Methylene blue- Basic fuchsin staining

Stocic solutions:

Methylene blue- 0.13 g dye in 100 ml distilled water
Basic fuchsin- 0.13 g dye in 100 ml distilled water
0.2M Sorensen phosphate buffer (pH 7.2-7.4)- mixture of 6.5 ml
sodium phosphate monobasic and 43.5 ml sodium phosphate dibasic

made to 100 ml volume in distilled water.

Stain wor)cing solution: Mixture of 12 ml methylene blue, 12 ml
basic fuchsin, 21 ml buffer and 15 ml 95X ethanol. Filter and

stored in dark bottle, stain good for 5 days.

procedure:
(1) bring sections to water
(2 stain with working solution for 3 minutes
(3) wash excess stain in running water
(4) one quick dip in acid-alcohol
(5) wash thoroughly in running water ( check under the
microscope, restain if necessary for 1 min )
(6) dehydrate

(7)) clear in xylene and mount
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