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ABSTRACT

The effect of chol}nergic drugs,was’investigated

on the rotifer Brachionus calyciflorus us-ing qualitat1§e
. 7 ’
behavioural observations and quantitativé feeding

experiments using‘the yeast Rhodotorula gﬂutinis’1gbe}led

with tritiated glucose. Food uptake was -measured by

»

scintillation counting. ‘ . .

The qua]ifétive observations uncov%red two novel
phenomena. One was a se]ectivé foot paralysis caused by,
muscarinic blockers. The other one was -an-oscitHating- . — ——
tach}phy]a;is (drug habituation) that was repeated.several
times within an hour. It was caused by/antimuscarfqips.

\ganglionic blockers and neuromuscular blockers alike,

but only by some representatives of each group.

The quantitative experiments révea)ed that acetyl-
choline inhibited food uptake in a dose-unrelated fashion,
but had no .other physiological effect. Sfmilar]y; tﬁe six
., anticholinergic drugs investigated all acted as feeding
inhibitofs, but in a siatisticaliy highly s}gnifjcanj
dose-dgpenﬂeqt fashion. The agonist-antagonist interac-
tions_were; ho@ever, not c1earcut.'The same &rugs that
produced oscillating tachyphylaxig in the qgalitétive |
gxpef]ments also produced tachyphylaxi% in the feeding L ,)

w
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experiments, insofar as fopd uptake recovered, following

'

a minimum at 10 or 20 minutes exposure to drugs.

o &
> v - '

y

< A It was concluded that the rotifer cho]inoceptor 4s
a- primitive, nonspecific \lock on an 1onophore, capable of
mediating diverse, effects, and that no direct conparison w1th

LN

vertebrate cholinoceptors is justified.

»
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>
INTRODUCT ION

a

. ~Rotifers are ubi}gﬁtihs‘aquetfc micrometazoans
belong}ng to the phy1um As he]mjnthes.“They are often

. bu

the major component of the freshwater plankton'biomaes

-

and are therefore of great importance in the aquatic.
| . food chain. (For summaries see Nogrady, 1978; Pennak,

1978). It is therefore surpr1sing that rot1fers‘have

4

/ o .
been used to such a minor extent as vectors and models

1n‘ehﬁironmenta] toxicology.

-«

2

The use of rotifers in monitoring\ecotoxicology
r * “ .

has been haphiazard in the past (Hueck, 1979; Halbach,

~1984) Using a systematic approach and the acqu1red

_knowledge of rotifer ﬂeuropharmaco1ogy, one would hope :
o T ‘to estgblish -a rat1ona] basis for’a rotifer model
app1jy%b1e po'speciffc onicplogica] prob]emsi

L}
1

- / | ;In generiﬁl the advantages of the use of rotifers

. in bioossajp dqn'befsummarized in.the following points:

<t -

) C’ . = \ T e
- Their cosmopoIitan and .common occurrence and direct
A o
involvement 1n the aquatic food chain a1lows for ° ,

" . ot ~ .
- i
.

toxicants.

\\\\\1fcumu{ation or metabolic d1ssip§tion of env1rpnmenta1

=~

s



‘possible within a'shortifimé, due to the franspirency

'aésurQE_a uniform "Tife scheduk‘-

4

Their rapid parthenogenetic reproduction (2-4 eggs -

per day, hatching in 24-36 hours) and short life time
-} i .t . /
(5-25 days) allows for the production of large, cloned

ppph]ation§.;thus providing a rapid and convenient o s

experimental tool. _ _ | ‘

Direct observation of their embr}ology, genetic

'alferatibns'and adabtive’morpho]ogical changes ‘are: ;ﬂ

.8

and short life of the animals.
£ L
The constancy o%lcell.numberj wiErin'each species,

H -

l&er birth or eclosion,

D

2

dﬁe,to’théilack of ﬁitosis,a

1

that is advantageous

in statistical evaluation. It also prevents "healing"

N

‘of chemical lesions, but precludes {nvgifigations on

carcinogenesis. ’I : ‘ .

.

The major problem in thjs investigation was the
n

. lack Of previous infbrmatiqn specific ‘responses of

;52 calvciflorus to drugs, except for a-brief note on

' o~ \ . * B
general anesthesia, a rather useless &11-or-none respons& .

¢

(Marriott et él.,'f948). Thus our <irst problem was to |

*
*5iitable for

find an appropriate experimental ‘'handle-’ o j

. v

specific, quantitative, and reproducible measurements of

- J
specific drug effects.



I : : ’ L

It was a difficult task to select an experimental system .

-

that could reflect the influence of specific druqs‘in

rétffefs, without kporinq anyth%ng ;bout the innefvation of
different érqans and neuroéransmission in physiological terms.
The only quantitative methodology found in the literature

was the series of careful papers by Gilbert and his
cofTaborators (Gilbert et al., 1977, 1978; Starkweather et al.,

1977a, b, 1978) on, food uptake in B. calyciflorus using

<

labelled algae or yeast. While this method, using my
modifications, turned out to be gratifyingly reproducible,

resulting in data which wé;.hithy significant, it sqffers
1 ’ _l - -
from the major- and ipevitable— drawback, that food uptake

is an’ extremely complex phenomenon, composed of locomotion.

activity of coronal cilia, screening by trochal cirri,

®

chemoreception, and mastax activity. . -
° .

AN

Food uptake is, therefore, the final result of many

more specific physiological actions. I decided to 'use the

food uptake model only becégse.anv other method that would >

. have require lengthy preliminary work that, in itsélf.'could

. A

have constituted a thesis in rotifer biology. The rate of

change in swimming direction (klinokinesis) was used
T RN s '

' ~ . occasionall?.

-

The purpose of this study was to find out how notiferé
e s . .
respond to low dosages of Ach and how they respgpd to drugs

1

4

»
Aﬁ A
¢ 3 -




“

. -
’\b r , . w o
that interfere with Ach activity. The questions that I asked
. - 7 .
in \this study were as follows: '
rotifers‘reSpond in the same manner as other inverte-

\ -

1)
brates or mammals to cholinergic signals?

2) Do cholinergic drugs stimulate or inhibit the food intake

-~
.
¥

that might lead to‘increase or decrease .in pépulation 6f
. y

.~ .
1

rotifers."
The responses of the rotifer that I was able to measure

quantitively were effects on food intake and the responseé
'l'\

‘that I could measure only qualitatively were changes in '
Ciliarly action is

Y
]

rg&ulred in the rotifer for food intake; therefore, food

locomotion and behavior of the animals,
/

intake’could be an adequate measure of rotifers to in
. .

,response‘to cholinergic drugs.
*\,/

I obtained some.information on locomo-

- Qualitatively,
tion and behavior of rot;fers which served as a measure of

v

acute responses to cholinergic drugs toot most siqnificant

of these observations was a specific food paralysis caused
by muscarinic antagonists which' turned out to- be a useful

model in subsequent investiqatiohs on' the adrenergic

¢

Pharmacology of rotifers as well.
3

2

These experiments were also designed to’ form -the
onal research on ecotoxico-_

«

informational basis of additi

[

neurcons. However, I did not perform experiments with
I'e - - |

4

~

logical problems caused by 1nsec;ic1des'ac£inq on4cholinéfqic



el -
g:‘ ," - A - R -_— . */ R »
b ~ ‘ -~ . .
/. " . ! ~ i ,
: o .- .
~ . - 4 -‘ .
. ? M [
.
. . N . .
’ , )
, : . .
- v T
, .
\ - . : 3 -
‘ .insecticides. Results of the investiBation was published in
. .
) \\ . s ¥ &
. . a subsequent paper (Nogrady and Keshmirian, 1986).
2 . -
Ll N . ~ . *
. R
' ¢ - L
' _ .
“ . (3 v :‘ , s *
v v .
h \ . v
‘ . - , . \ . )
* ! - -~
LN ) . » \“ . . - [
. - [N - e
- L}
v . - - . * -~
- [ ‘ .
. X v ! ) - . . ‘ .. -
Lo
. , . - e R . s , /_
. \+ I( v 1
, « N
. . . ) . , .
. v ’ »
N i . ) ! v . . v
. .
. . ’ . . -
- . k) r Y v N
- ‘e . ®
P . . . P - " ' .
- , , . ‘ . '
' . i M , - . R -
« R . ' , oo, N ¢ ’ ) .
' - N N (LI
. ., B RGN . R . - ‘.
- . - . . . R
- N . . s ’ i . s
' )
. - " R L3 " ,
- 1 ] t - ) * A v Jl *
. [l .
N : . N
. . .
- >, . . - o * N .
' . - \ n - A
' - . . ’ . - \./
. . . . ol
- . B
N < - * - . ‘. » M .
( 4 . . .
.. = . . . - . ' o \ "
- +* ] h P ' PN
‘ . .
/ o / /.t - . v | .
s - ) ' [
- > .,' * -
P N o ® 3 . : Y
- ?
Ay ‘s
, .
. . . s " ’ ,
. - .
Y ' . v - Q [
) ) - M i » A 'l .
. . - ‘ PN * [ '
-3 - ¢ ’ ' e T
. B .. . A .
. . . - ) » ) [N
‘ . f [ N
.. , .
¥, om ' - . " . .
. X N, . . R “
. , , . L, 4 ’ . : o
. o f - . v
. att 2 . .
L . .o, DN
[ . -
- . + K * P . . 1
. ’ vote - , ] * ! ' . ¥
. , . ' R . . L] - ‘ M -~
. v R , ) Vo N LY
. N N \ L : .
. [N . DR . .
v \ . ) ‘ T ’ , .
* 3 ' . : s B
3 , L, . ' T T
' 2 . . - . : N
. -
g . , ) . N Lo
" . * - .
s i ' . » B \ LI . R ; . /.f" k-
f * + . ! . ’ H ' oo
1 -~ . - >
N , K . -
) . * o, i - . 5 T N ¢
I. , . ' - - ‘1 Al ‘ : - 1 . N - , T . N . T ! ' !
;: . , o , “ |- 3 e ;
; oy ve. ‘ ) . .3 ‘
; * t N ¢ ¥ - ,
- Lo S 5. . R
oo . . . ) . . R
\ ! .- e Y [ " . ¢ . ; ’
' ' -~ M v . b ' o < ‘ !
. L . L . o, - L,
’ v , .o i * . 1 - . r » . . N
- 3 .y Lo A ‘ ., .
,
* - e an ' K -e ' A . . R ~a s ,




L

" 'BIOLOGY OF ROTIFERS Y

/

' Ifoné were to designate a single major taxonomic
i

. category that 1s most characterfst1c 6f fresh(waters,

it could only be the phylum Rotatoria The rotifers are
one of the few groups that have unquestionably originated
in freshwater, and it is here that they have attained
their greatest abundance and d1versity Probably over

2,000yspecies have been described, put less then 5 percent

‘of these are restricted to-marine and brackish waters;

only two species occur in tH€ mid<Atlantic. The vast

maJorlty of rotifers encountered under natural conditfbns
are females, reproducing parthenogenetica]ly Thus the
offsyring are clones. Some recent mofhographs on jrotifer
biology and taxonomy are Pennak (1978), Ruttner<4Kolisko

~

(1974) and Koste (lg78).

. ‘My experimentévutilized a common plankt nic

'species."Bfachionus~calxg1f1ords (PaIJes), which can
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Fig! 1 :
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v

Photomicrograph of live Brachionus calyciflorus

“carrying three eggs. ' :
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2. The buccal field cilia may rejeﬁt particles which

k/ Females of Brachionus calyciflorus are about 200-“
/ . .
300 um in length and are common in eutrophic (nutrient-

rich) ponds and Yakes throuahout the world. Theyv are
generally planktonic but may also attach themselves by.
their foot to various substrata and to the air interface.

They are suspension feedars; they have cil%a on theire'corbﬁa(head)\

which produce water currents (which serve for locomotion

as well as feeding). The animal rempves small particles

from these currents, and then transports the nartjé]es
. X N o
to. the oral canal.

14

r
wf t

) : t
F ’ ' ,
B. calyciflorus may reaulate inocestion of suspended A
' A

parficlg;fby at least three mechanisms (Gilbert & Stark-

weather, 1977).

1. The pseydotrochal cirri on the corona may forr a ' §
screen over the buccal field, deflectina even very

small particles.

have been admitted. .

>
°

3. The oral canal may oush particles back into the
buccal field for subsequent reiection, presumably

triagered by }edognition throuoh chemoreceptors.

1 4 . . .

L&
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_The following diagram (Figure 2)~211ustrates T -

"o

the §truéf&re of these mechanisﬁs, as well as the

- ) coméiexity of*feed1ng, as outlined in the \
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introduction. h - y . | 7

. ’
o »
“
h] .
~
+
¢ - o L]
L4 N r v e
/
~ -
4
. .
® ~ ’ ' L)
- L .
' 7 I
|
|
7 °
.
.- .
. * - IS
et ~
i
- Pl o .
(
’ 4
vl - a
»~ - L]
- d.
f
b .
K » %
.
- o
N -
» L3
! - LY .
o
i
—
~
N -
.
8 . .
-
.
.~ -
-
Y
.
, / \
)
'
-
. Lo \
i e R )
. ) C
|
,
. a .
o
4 |
i




Fig. 2 .
\ Diagram and mechanisms of the feeéding behavior in

Philodina and Brachionys. Between the anterior mechano-

receptors (1) and chemoreceptors (2),-and thé sensory
receptors of the mastax (3 and 4), there are some

B receptors in the bucca1 epithelfum, M1, M2, M3, M4 and

M5 are the muscles innervated by the brain or“b§ the
m&stax ganglion. (reprodﬁced froh CTemént et al., ‘bn !
’Bio]ogy of Rotifers, édited by B. Pejler, R. St'a;‘kqt‘
meather and T. Nogrady, 1983, p 103). j _ .
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&+~



&

-
.
'
i
-

l y

BUCCAL

PSRUDO
TAOCHUS

sUCCAL
EPITHELIUM

VELUM

PHARYNGEAL
EPITHELIUM

TROPHI

v




‘acid and cho:ine, thereby terminating 1ts act?pn

AN OUTLINE OF CHOLINERGIC -PHARMACOLOGY

1
PRI ok

4’/’3‘l :
N
L]

~
B

Cho]1nergic agents ‘are- drugs that either directly

or indirectly produce effects similar to those elicited
by acetylcholine. According to their mode of action,

eholinergic agonist may be divided into two main classes:

" direct cholinergic déonists and indirect chotinergic

~agonists.For a summary of cholinergic pharmacology see

Nogrady (1985) pp.119-140. '

Acetylcholine

“Acetylcholine (ACh) is the only naturally occuring

transﬁitter in the cholineryic neuronal system. The

- chemical transmitter at a]l_gané]ia and at the somatic

neuromuscular junction is acetylicholine. Onre released

into the synapt1c cleft, the. acetylcho11ne d1ffuses to

- the postsynaptic membrane where it combines with a

t

. receptor to produce depolarization, leading to invtiation g

of contraction of the muscle. Also present at the post-

. synaptic membrane is the enzyme actylcholinesterase,

'which rapidly hyd lyzes the acetylcholine into acetic

Acetylcholine is the transmitter between certain nerve

ce11s’and between nerve cells and many kinds of effecttor

cells.

12
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Nerve-nerve transmission is prominent in auto-
- : &
-nomic ganglia, -both sympathetic and parasympathetic. A-
- Ch 1s also the transmitter between many cells in the

central nervous system.
LR

\

.. Nerve-effector organ junctions mediate neuro-
transmissﬁon at the neuromuscular junction and the

‘whole somatic motor system depends on them. In addit1on,

acetylcholine 1s the transmitter at a]] parasympathetic

rendings. Acety]cho]iﬂe is the most w1de1y occur1ng
_transmitter 1n the autonomic nervous system, since
it is the product of sympathetic and_parasympathet1c
pre-ganglionic perves, and of parasympathetic '

post-ganglionic nerves.

The effects of intravenous acetylcholine in . man .
include flushing, sweating, saTiVatiun, lpchrym%tion, '
increased hucu; secretion, and as secondary consequences,
nauseu, éoughfng and dyspnea. TheseJare all due ;oﬁ

"muscarinic actions, no nicotini¢ ac

A4

ions are noted.

Although. aceinchoTine 15 very importaﬁt as ;' ¢
neurohumoral transmitter, it is not used as a drug s1nce
1t is poor1y absorbed following oral or subcutaneous
. - adminfstration. It is also rapidly buoken ‘down by enzymes

- in the blood and tissues. Only high doses given intra-

- o 13 . :




L venously produce any effect and, even then, on]& briefly.

-

be stabilized against esterase attack by Feplac%ng the
acetic acid moiety with carbamic acid. The carbamic acid

ester of choline (Carbachol) is a potent cholinergic

f_'ase than ‘is acgtylcholing,nand can therefore by adminis-

" H

Ce

” .

The 0u1ne§ab1e ester group in the molecule can

agent with both muscarinic and nicotinic activity.

0
"
3C -C-0- CH2 - CHé - N (CH3)3 Cl
i~~ . -
Acefylcho1ine‘th19ride
.-/}V"
0
wo b ~ @
_HZN - C -09 - CH, - CH, - N (CH3)3 C1

CarbachoikchIOride

~roy

a

It s hydrolyz;d more slowly by acetylchdlinester;

tered orally.

If a methyl Broup ds‘atiached to the beta-carbon

of the choline moiety of acétylcholine, the resulting

r F
14
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drug, methacho]ine, loses it nicotinic avt1v1ty but s

stiTl prone to be attacked by acety]chol1nesterase

4

4

Direct cholinergic 'agonists

)
v

-Direct cholinergic agents, also calied cholino-

- A

* mimetics and parasympathomimetics are agents wﬁth‘both /

L.
chemica] structure and distances between their polar

groups as well as-in charge dlstr1but1on s1m11ar to that

of acety]choline. T

L) I e »
AR . B . {

: \
‘There are two types of chglinergic receptors which
are characteristic for different sites of action. The
two types are termed the muscarinic¢ and nicotinic

receptors of acetylcholiné"

, @

Muscarinic actions .are simi}ar to those produced ,
by the alkaloid muscarine, wh{ch is present in the

mushroom Amamﬁta muscaria and is not used clinically.

!t produces effects sim11ar to the responses to para-
sympathetic stimulation The muscarinic actions of acetyl-
choline are seen on post-gangliohic synapses of organs

and smooth muscle, as_nell as in the CNS.

\V

b4
D) ~
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\CHZN(CHB )‘3X
H
v 1
R ] \\ G
¥ . cI$ - L (4 ) - Muscarine -

Other cholinomimetics are. structurally related

to acetyicho]ine. A1l are simple onium salts with the

general formula RN' (CH3)3 was studied hé?e.

-

Natural Alkaloids with Direct Cholinergic Activities

-

Nicétinic activity is shown by nicotine, an alﬁiﬂéid

" from the leaves of tobacco, Nicotiana tabacum and is, not

" used c'inically, because of:its high toxicity.‘Nicotinié
actjéns of acgty]choline'produces‘stimulation of sympa-
thetic and parasympathetic ganglia, that is, stimulation
of po§tsynaptﬁc structures within the ganglia'so that
the postganglionic fibers release trgnsmitter at.thgir
perigreral endings. In addilion, all neuremuscular end-

plates of skeleta]_musc1e§ are nicotinic recé%?%rs.

3

4 16



Nicotjne )

e Both nicotinic and muscarinic agents can be found

. in this category. Nicptine is used because of its central

rather than its ganglionic effgqts.

P{1pcarb1ne, an alkaloid from Pi]ocarpus.jébdrandi

or Pilocarpus microphyllus also .possess cholinergic

activity. " f - -
J | . | '. , .‘ - ./CH3 .
' CH2 _— N~ oo
HsCz 4 ‘m/ / ' ‘ R
. N “ . ,
. 0 . .

¥

N ' ‘ . Pilocarpine - .

“It has muscarinic and some nicottnic_action.”

' : 17 ‘
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Indirectly-aeting ChoTingrgic Drugs (cholinesterase

\

blockers). ) '

\
~

AT cholinesterase blockers inhibit Eaih acetyl-
cholinesterase and plasﬁa ého]ines}erase. In denervated
organs in which no acetycholine is released, inhibition
of acetchﬁdﬁfnesterase js without pharmacological effect,
that means,'cho1inesterase b]océers appear to Be inactive.
Chemica]]y; there are two main classes of compounds that
inhibit acetylcholinesterase:

[N

a) Carbamate derivatives which are reversiblé inhibitad¥rs.

— -

w

b) Organophosphates, which are nearly inreversible

\ -
inhibitors since they form stable covalenit complexes

"with acetylcholinesterase. /

" Reversible Inhibitors

These agents are competitive inhibitors of the
éholinesterdses, that is, they compete with acetylcholine -

for the enzymatfc bindiﬁg sites. "

*

j—

\ * . ]8« .



Physostigmine ' P

9

L]

Physostigmine or eserine is an alkaloid extracte

om the African calabar bean (Physostigma venenosum).

. Because of its tertiary amine nature, it penetrates all

bio1ogica] membranes.

3
&

! v

PO + CH " CH o .
* / \ ' '3 ] 3 ' ’ .
7/ ‘ ‘N N | o
] /‘/Y \l .
R L] ] ) . ’
CHy N~C - 0 | ! : ¥
3 N - CHy | . | L
} Physostigmine (Eserine)

Neostigmine

) 'y

Neostigmine or prostigmine is a synthetic analog

of physostigmine. y ' i _ L

: CH3 N ' ) ‘ .

|
+ L T,
< e 3Hc - T - CHB

o - .
Qi

. 0-C-N
“\CH

3 o

s
v 4

Neostigminé’%Prostiémine) .

]9 ’ ° N ¢ o
| , !



Irreversible Inhibitors (organophesphates and

. .carbamates).

-

This class of agents, consisting of hundreds gj,/

active chemicals, is toxicologically rather than thera-
peutically important. Nerve gases are included 1n‘£his
category.-Both types of compounds are used in enormous

quantities as agricultural insecticides.’ '
. a\‘\ R {
Py

Some examples are: = N .
¢ ..

. S ] ' ) ’
CHQO\. , ' 4 - ,z.
——P - S - CH, - COOC,H Malathion
CH30 y 2 2 5 .
» CHp - COOC,Hg

CH30\9 | .
’,/P - CH - CC13 Co Trichlorfon
CH30 1

OH

N
Z Sevin

i ]
v 0-C - NHCHj

’
-
. r R
.
, ‘ 0 .
. -
>
-
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Cholinergic Blocking Drugs

Anticho]inergicé, or cholinergic blocking aaents,
are drugs that inhibit the activity resulting trom
‘;ate;ylcholine. They maj act at djfférenf sites such as;'
, a) at the'postganulionic ?erm{nations of the parasympa-
—— thetic nervoui system; these are called antimuscarinics;

. /
b) at the ganglia of both sympathetic and parasf%pathetic

b}

‘nervous systch. They are known as ganalionic blocking
agents; and
¢) at the neuromuscular junctions .of the voluntary nervous

system, These are called neuromuscular blockino agents. -

a

k]

Antimuscarinics oD ‘
S ’ \
Antimuscarinics are also galled parasympatholytics, y

—

anticholinergics, atropinics, or parasympathetic blockcrs.
; .The tollowing examples show the druas used in this

investigation.

22 -
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’//’ﬂtrogine, an alkaloid of Atropa belladonna blocks

selectively the muscarinic actions o acetylcheline. It
also blocks the muscarinic action of other cholinergic
agents; The blockina action of atropine ié compefitive
or reversible, thqt is, il can be overcome by increasino

the acetylcholine conecentration at the receptor sites.

- N -—-O-C-CH-'
2 om0
: 0 CH,OH

t

CH

. Homatronine

A

!

Homatropine is a simplified atropine analaag,

using the mandelate instead.of tropinoate ester.

\
L

H [y
275\, N I .
\N-CH-CH,,-O-C > - CH

2 2 B
/CZHS/' . i @ N
o ’ S

Benactyzine

C

A

Benactyzine is Qne of the manj syntheiic

antimuscarinic agents where the ester part is a bulky
group. As many muscarinic agents, it.has a tertiary

rather than a quaternary nitroagen.

L4
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Gang]ionfc Blocking Agents S O

L

¥ Nicotine itself act a$ an agonist in low °
concentration, but in high concentrations becomes a

ganglionic blockino agent.

L]

" Quaternary and tertiary ganalionic blockers
use

in this investigation are:

@ o
(CH373 N - (CHZ)6 - N (CHB)B

‘{) . -

4

Hexamethonium

CH, - '

K

]
'3 CH, CHj

Pempidine‘(l,é,z.ﬁ.S - péﬁtamethyl-oiperivine)

[N

24
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(Jﬁey act on the ganglia eof both sympathetic
(adrenérg?c) and parasympathetic (cho]inergic) neurﬁns,
and therefor show maﬁy different pharmacological effects.
It is not clear whether rotifers possess ganglia similar.
\to those of higher animals. . ' " oo

]

Neuromuscular Blocking Agents
Neurohuscu1ar blocking agents are drugs that bring
abodt vo1untary—muséle relaxation and have some points
in common with some ganglidhic blocking agents. Since
" their activity is similar to that of curare, they are

also called curarifofm or curarimimetic drugs.

% , »
According to their mode of action, nguromuscu]ar ?r

blocking agents are c]assified‘into three types;

1: Depolarizing blocking agents. They cause depolariza-
tion of the membrane of the muscle end.-plate, similar h
' to that p;oduced By acietylcholine itself, oﬁiﬁg to-
f'1ts nicotinic effect, atﬁdsggliaaahd.neuromuscular

Junctions; examples are decamethonium and §hcciny1choline.
) M’ :

. . ) “« -
_ /’_ , .
a .

y ¢

i

e BN —
[18) ]
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A}

* 8

. @
(CHg)y N - (CHy)yg = N (CHy),4 g
- ‘ 4
decamethonium
. e ‘
’ "’7 ."
0 @
. “ -
CHy - C = 0 - CHy - CHy - N (CH3)g
| T
CHp - C - 0 - CHy'- CHy - N (CH3),
0
succinylcholine - s
S

-

2. ,Non-depolarizing competitive blocking agents It 15
thought that they compete with acety]choline for the -
receptor site at the myoneural end plate but are unable

Lo

to effect the depolar1zat1on characteristic of. the

natural neuroeffeetor. The most important example is

tubocurarine.

L

2



.As a result of the recedtof occupation by D( 4 )-
tubocurarine, fewer receptors are available to interact
witﬁ releaseq ACh, and no action potentiij is triggered.
Curariform drugs vcan be displaced from the receptor and

—— muscle response can be restored, by 1ncreasing the,

coﬁcentratiqn of ACh, for example by inhibiting acétylﬁ
, X cholinesterase. Tubocurarine is ifactive when
adﬁ1nistered by mouth in \human and is always
- administered intravenously. The actiQn on the
‘ neuromuscular juﬁdtion begfns to wear off affef
about 20 minutes‘due to redistriﬁutiqn.of’the dEug.
" Tubocurarine is used in conjuction with general

anaesthesia when ‘prolonged or profound husc]e relaxtion

. - is required for the purpose of surgery.

-




MATERIALS and MEJHODS

-

Yeast culture

The yeast Rhodotorula glutinis-was obtained from

The -American Type Cudture Collection, Baltimore, MEJ/

and, cultured an Bacto potato dextrose,agar enriched'(//.
+ ' - -
with inorganic salts.

The compdsition of the medium was the following:

% .
ca C1, , 0220 g/L
Mg--so4 oL 0.50 g/L
oy - (NH a)7 S0, -+ 0.50 g/L p l
’ - KH2 PO,4 | ~<0.50 g{L )
pacto potate -
dextrose agar 3% vg{L

ar

7

This was autoclave¢ for 20 minutes and plated in

o .,

Petri dishes. Rhodotorula glutinis .was cultured at ambient

temperature for 18-30 hours on agar , forming a dense
oﬁange growth. Tbj§.was then suspended in the rotifer

medium. .- L j‘ '//i
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o Rotifer’Culty%é/ ., .© R ‘
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, S :
The cul;yre of Brachionus calyciflorus clone S4 -

3 . ’ i 4
was obtained from Dr. J.J. Gilbert (Departmert of Biology, °

/7 - : .
Dartmouth College, Hanover, N.H.). We thank Dr. Gilbert

for the donation of.the original -Brachionus culture.

The animals were fed daily with the yeast. Rhodotorula -
glutinis at a concentration in excess of. lxlo6 d@]]sﬁm],

——_

» 1n a modified Woods Hole MBL medium at pH 7.2-7.5 ¢

(Table J ). Thi's medium was originally designed to- &
" culture éﬁgae‘as.weT1,qs rotiférs,‘andlit was also suit-

“able for thélculture of rotifers on yeast. Thqé we have °*

seen no need to aclimate rotifers to another inorganic

medium. The vitdmins. are absolutely necessary for the

raptd reproduction of Brachionus. o &
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Composition of modified Woods Hole MBL medium

(Dr. J.J. Gilbert, personal communicatipn)
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A.

Vitamins
_Thjamine HCI (B])

‘Cbmpouhd
Macronutrients
Ca c12.2H20
Mg Sou.7H20
Na H cp3
K2 H P94 .

Na NO4

Na §1 03.9H20

. Micfonutrients‘

Naz EDTA
Fe C13.6H20
Ca SOQ.SHZO'

3Zn $0,4.7H,0

Co C12:6H29

Mn C12.4H20  ‘

Na‘Mo 04.2H20
H3 q 04

Biotin o
v ;
Cyanocobalamin (By5)

Buffer

(adjust with phosphate
buffer to pH‘T.zg'

.. N

N

*

122

mg/L

36.76
36.97
12.60
4.35
42.50
28.42

4.36
3.15 *
0.0
0.022
. 0/01
0.18 »
0.006
"0.13

1.0

0.5
0.1



A1l cultures were kept at roomigemperéturg in
a 16 hr/8 hr liaght-dark cycle, and §ubcu1tureq'every
second‘dhy.‘Fqi(ure to do so résulis in overcrowdina,
rand production 6f males and restinq-qusw Teadina
to the einnction of the culture. In o}der to Léeo

Eﬁe yeast cells in suspension and accessible to fhe

filter-feeder Brachionus, the cultures were kept in

t

| L bottles with a sponae stopper, and the bottles were
rotated along their long axis on the instrument shown
on Fig. 3, at four revnlutions per minute. This is

>
‘N

. unnecessary if Brachionus is cultured on aloae

(Chlamydomonas or Euglena) which are flagelilates,and

therefore mobile, and remain in susoension.
{ .

My
' .L Measurement of Drug Effects
I .
g Trne effects of drugs were guantitated by
measuring Fhanqes in the food upfake of'Fotifers per
unj . time usina yeast‘ﬂabel]ed with 6-3H-g1ucose
\ T (New ﬁng1and Nuclear) as food. To obtain yeast with
“*\\ mq}imam tritium content, it was labelled with tritiated:
' ~gl.ul,cq\se' for 14-16 hours at 379C .- Two cpm of 3P-oTucose
. is added for each yeast cell in 1 ml of water and placed
) in water Dath.
o ' < '

2 o
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”/A/ The rehaining-radioactiye glucose in solution was:*

reﬂsved‘by washing. the yeast cells a minimum of 5 times
with 2.5 - 3.0 mls of distllled water with centrifugation

\
at about 5,000 g for five minutes. When the supernatant

showed a radicactivity of less than 28,000 dﬁm/m], (a2~

decrease from 2.8 x 106 dpm/ml ), which is_thélzgnimum

steady state count, the cells were suspended in/1.0 -

“

1.5 ml of distilled water and kept at 0°C. The concen-*

tration of the cells was determined using a hemocytometer.

During a 16 hour incubation at 37°C} an activity
between 0f25 and 0.45 dpm/cell was obtained. The labelled
yeast suspension can be kept in the refrigerator for

several weeks with only a slight decrease in radio-

activity. . | B | k _//"\

In order to obtain a uniform ingestion rate, a

f .
cell density greater than 1 x 108

cells/ml was maintained.
Gilbert and Starkweather (1977) have ﬁeporied that below
this density a linear increase in ingestion rate is

observed. Above this point, a plateau is maintained where

'~ a constant ingestion rate occurs. Therefore, all trials

6

were carried out at a concentration of 1 x 10" cells/ml

or greater. In another paper Starkweather and‘Gi1bert 1
(1978) also state that the egestion.of food particles

in B. calyciflorus became significant after 20 minuteg.

33
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Therefore in all experiments feeding time was maintained

LY

at-sexactly 20 minutes, to avoid reaching a steady state

betWween ingestion and elimination of labelled food.

Gilbert and Starkweather used algae (EugTena)
labelled with 32P in their feeding experiments. I

decided to use tritiated Qeast instead. The half-1life

32

of tritium is much longer than that of “°P, it is less

dangerous to work with, cheaper, and gave highly repro-ﬁ'
ducible results. Since yeast was used in the fééding

-

experiments', the rotifers were also cultured on yeast.

Brachionus grown on algae requires a habituation time

of about 30 minutes before it is wi]ling to feed on yeast.
Since my experiments were tiqed Very precisely, such
uncontrollable accliﬁation\to a different food source

wa; not allowable. Yeast-grown animals will, of course,

feed immediately on tritiated yeast.

R
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Feeding experiments - - . .

The ex&%:imental cells used were glass tubes with e

an outside dikmeter of Q.7 cm ‘and 4.0 cm 1ength One
end of the tubes was closed with a Nitex filter of 75 um
pores size using a‘non-pdisénous.acrylate glue. The size

of Brachionus calyciflorus varies between 120 and 300 um

- \%ﬁm“&s therefore reta1ned by this fi]ter whereas the
‘yeast cells, measuring only 3- 5 um, can be washéH through

the filter 4t the end of the experiment. -In order to
perform a series of experiments at once, a mult}uni¢rrqck'
was used. This retainer allowed for 14 tubes to be agsayed .

at the same time under identical experimental condition

(Fig.4 ). A1l experiments were run in duplicate:and

replicated. f;;

"It is important in feeding experiyents\to use
anima1§ at approximately the same stage of physio]égica]-
déve]opment. Therefore nly mature egg-béa?ing rotifers
we;é used for the experfiments, to give a sufficfent]y |

" high radioact1v1ty A total of go rotifers were agsayed
per exper1menta1 tube. Each assay stanted with a
starvation period to insure that fpe animals excrete all
unlabelled yeast in their digestive tract. Therefére,

'animals,were isolated and plaéed into médium that did

&

4
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~ ‘hot contain any yeast. This solution was kept in the

small glass viéls (see Fig.4) and the whole rack,:

nolding the.tubés, c;uld be immersed simultaneously:

These vials also contained the approoriate concen}rathhs'
of drugs, and a pair of blanks for each run.”.The tubes
containing tﬁe rotiféers were first keot in MBL medium

for 39 minutes, and then immersed into the drug solutions

for the timed period. ' ;3 “

3 ,

At the end of drug incubation, the rack was
lifted. The.feéding was done in the 250 01=residual o
volume held by capillarity in the lifted tube, after
adding 25 ul labelled yeast suspensianwith an )
( Eppendorf pipette and were §hbsequently incybated
f&r 20 minutes. One control in each experiment

contained fhe,iabelled yeast and no rotifers,while a °*

second control consisted of rotifers not treated with drui.
r

L3

At the end of the feedjng period, the rotifers
were washed with 3x5 ml medfum, killed with 95%- etianol,
phe whole tube Qas ﬁmnrseh in1 ml protosyi +1 ml ethanol
and heated to 60°leoa®one hour. After addaition of 8 ml
scintillation cocktail (Aquasol) the §n1ut16n was kept at
room temperature for one day, to avoid recording cﬁemi- ’
luminescence as scintillation. The .vials were subse- |
" quently counted in a Beckman 100-C 1iquid scintillation
38
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counter, and the raw counts corrected for background.

(see Appendix).
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Stat1stica1 Analysis and Calcu]ations . .

L. Onewway analysis of variance has been performed

on all data.obtained..Prior to Anova test. the "Q" test .

fhas been performed to reject data below the 90% probeb’i'lity‘
limitg. |

- -

The limiting value for the ratio of .the difference

" to the range 1s'ca11ed the Q value. These values are
based on a 90 percent probabi]ity 1eve1 1mp1y1ng that
a reSu1t rejected as the outcome of this method of test-
ing has a 90 percent validity of rejectiond (Q90 value

¥
for four number of measurements is 0. 7&)

A11-p values are shown on the appropriate tables.

]

The fo]]ow%ng is a cemppter print-out sample for the

Anova test: (STATPAk ﬁrogram. Concordia University)..

"The numbers 1n groﬁp 1 are: -

68, 46, 70, 51, c T
The numbers 1in group 2 are: '

57, 52, 58, 77,
The numbers in group 3 are:

78,.78, 76, 86, . : _—
-—Group Sum 0f x N " Mean’ . Sum of xwx .
1 235 3 58.75° . 14281
Y - 244 4 61 15246
2 318, 4 - 79.5 25340
- Source - 3§ DF MS F o
~Between 1037.17 2 518.586 5.45402
. Within 855.75 9. 95.0833
* . _Total 1892.92 | o
o 42
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_RESULTS

Y]

. ' .
As mentioned previously, the lack of precedents

'and information pertaining toAnd%{{;r neuropharmaco]oéy
3
necessiated that rather extensive qualitative or

semiquantitative experiments be carried out in an
effiéient fashioﬁ:_These qualitative experimeqts were
valuable in themselves, as they suggested a number of
furtﬁer poteetia1 investiéation;, some of which ‘are
beMng P"ﬁiFEd at presept in this laboratory. We report
ﬁhe qua1{tative'observations~here in the form they were
obtained, with the understanding that most of them .
cou1dvbe, and were eventua}1y°qeantijeted.

The quant1tat1ve exper1ments, wh1ch formed the
’body of this Thes1s, are reported separate]y for

acetylcholine, and the six cholinergic antagoniét

‘used.fThe data are summarized in Table 2 , and

graphically represented in Figures 5 to 18. The results

for each compound are represented in two graphs,
showing the same data ip two different ways. The first
set of curves are traditional semi]ogafithmfc dose -~

respbnse curves, showing each incubation time on a

separate curve. The second set of cyrves uses the

same data as the previous one, but uses time as the

independent variable, and show each concentration on

% . -
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a separate curve. The second sef of curves is
’perhaps somewhét'redundant, as it can be inferred
" . from studing the first set carefully, but it 111ustrates
- one of the major, but rather puzzling finding

reported here, tQ?t of an oscillating tachiphylaxis.
- ' \

| Q ' . ¢ . N
3 .
a & ?
. » '
.
.

: Quaiftative'obsér&ations -

& ——

%everaf ﬁatufe egg bearing animals were isolated
and placed in different concentrations (1x10'2, 5x10'3,
}x10'3 M) of drug sé]utions. The animals were observed
for periods of up to 45 ninutes at 5, 10, 15, 20, 30
;nd 45 minytes.nZ§$ ob%erva%%ons were mainly based
< on locomotion a‘l behavior of the animals. Any other
| bhysquogiial changes wﬁich were not translated into
R E locom6£5on were excluQeé from these preliminary .

observations.

4

i

b " The following drugs were tested:
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A

2 551073

Acetylcholine: At concentration of 1x10°

{
and 1x10'3 M, B. calyciflorus seemed to behave normally

and no changes were observed. It appeared that acetyl-

choline has no effect on locomotion. Quantitative data

on klinokinesis (rate of change of direction) are

discussed on page

Carbachol: At concentration of‘]xlO'2

M, locomotion
* and mastax activity decreased dramatically and’
immediately and within 20 minutes the animals were

3 M and 1x10°3 M the

dead. At concentration of 5x10°
movement decreased but the animals were still alive
at both concentrations up to 45 minutes.

-

Hexamethonium: Locomotion appeared to decrease at
2

M and 5x10°3 M with increasing

" incubation time. No changes were observed at 1x10'3 M.

‘concentration of 1x10~

-

!

Pempidine: At concentration of 1x1073 M and 5x10°3% M ,
. animals sank to the bottom of observation well. At
© 1%107% M concentration most of them died within:20

minutes.

Benactyzine: The highest concentration used immobilized

almost all animals immediately, but theywere still

alive and the mastax seemed to be functioning. This

- 46
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may 1nd1cate an 1ndependence of tﬂe mastax gang]ion
from other neuronal structures. At a concentration

of 5x1073 M about 75% of animal died within 10 minutes.
Below this concentratipn periodical changes in the
rate of movement become appayent. The immobil;zed
animals recovered and swam about again after 5-10
minutes, and subsequeﬁt1y<ﬁed. The most petuliar
effect of benactyzine was that it produced a postural patalysis

of 8..calyciflorus. Normally, the animals swam about

with their foot retracted into the lorica, extending
it only ogcrsiona11y and placing it against the ’
Qentral surface, before retracting 1t’agajn. Under
tﬁetinfluence of benactyzine, the foot becomes rigidly
and permanentiy extended at a 90 degrée angle to the
body. even if the animal is apparently capable of
retracting the foot occasionally. Hydrodynam1ca11y,
this is an obviously unfavourable posture. Subsequent
experiménts,\performed after the completion of this
thesis, have shown that other mugcarinic blockers
(atropiwne) and even beta-adt@ne#g1c blockers
(propranolol) produce this phenomenon. At'prgsent.

‘1 can offer no explanation for this intriguing
A

pharmacological effect.

47



Homatropine: The effect of this drug at concentrations -
-2 g

below,1x10 = M is not q{gnificant in terms of movement
’ and behaViora]ichanges. The only s]ightlchange
R observgdais that the animals tend to rotate at a o
higher rate than normal. This, however, wa§ not -
explored by1quant1t§tive measurements. It t; .
interesti;g to note that the quantitatively mea;uréd
. : ‘homatropine effect (pg 025)is statistically not o

, H
significant at lower concentrations. ’

Decamethonium: This neuromuscular blocker had

- a very strong initial effect at a concentrétion

-3

of 1x10™° M acting within 10 minutes. More than 75% of

animals sank to- the Bottom of dish but were non ~

dead. Ma%ng activity could be observed but locomotion *
o was extremely slow. This period din not last long; °

within 30 minutes almost all animals swam again.
However, the locomotion appears to beaslower than
usual but the annnals seem to have recovered. This '
recovery is somewhat gimilar to that seen with : .
benactyzine and could, penhaps, also be attributed
tn tachyphylaxis, 1.e.,‘an uncoupling of the-recogni-

, tinn site of the reéeptor from the'ionobhoré. Hence )
one sees normal functioning again, at such high non- -

/;nbysio!ogical drug ¢concentrations. It has been

- 48




. and 5x10'3 M concentration 75% of the animals are found

i3
[

suggested (Leak and Walker 1981, p.96) that the acetyl-
choline receptor is really just a-"lock" on an ioﬁ

channel and can be used to mediate any cholinergic ~»
response, in a much less differentiated'fashion~than‘

in. higher organism. We shall return to this idea further

in the discussion part of this thesis. ~

d-Tubocurarine: This drug has a very strong effect on

locohotion. At concentration 5x10'3 M and 0 time, 30%

4

of animals fall to the bottom, but at 1x10” ' M concentra-

tion and 0 time there is almost no effect. At 10 minutes

-]

Cat the bottom of the dish. 'In general fhe body appears

to be rigid and movements tends to be mostly a rotation

along the body axis.

‘Effect of acetylcholine on benactyzine effects:

1. Keeping benactyzine at 1x1073 M, the acetylcholine
concentration was. varied at 5x10°3 M, 1x1073 M and
i§10f4 M. Animals were exposed to both drugs at the
same time. A pfe]iﬁinaryﬂexperiment indicated that the
effect df~antagonist take§ precedence over that of the
agonist and in some casgé these effects a}e addi tive,
as both result in decrease of feeding. This means that
the increasing concentration of agonist did not alter

49,
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the antagonist effect as expected. For qhantitat1ve data ~

see Fig.15 on page g82. k \

v

~

2. In another experiment, the animals were incubated in
benactyziné (antagonfst) first and then transferedxﬁo )
acetylcholine (agoﬁfst). The concentratidns which were
used were fﬁdentica] to the previous experiiéﬁf, but
the results were quite different. To explain it further,
~animals were ;xposed to behactyzine‘at 1103 M concen-
tration. The animals slémed down and some were sinking

e -

. to the bottom of the ‘dish. After 15 minutes, they were

3y acetylcholine solution, and

_transfered to a 1x10~
50% of the animals recovered in two minutei; The animals
-also recover slowly if transfered to culture medium,

but it took about five minutes until 50% of the animals
Qere swimming again. Furthermore, some animals never
recdvereq dn water-whilé all of fhem revived in ACh
solution, Because it i's 1mpossib1é to time "recovery"
precisely, atfempts to evaluate the difference in

‘recovery between ACh®and waper weére sign1f1éant only.

at the .05 Tevel in a Student's t-test. For the same
reason, dose-respgdse curves could not be produced in a
'refiable fashion. Neverthe]es§. these e?beriments strongly

suggest, that ACh antagonizeé/;ﬁe action of benactyzine

adninistered consecutively, while no antagonismicouId

T

be.éeen in experiments with simultaneous administration

50 ) B
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of the twofgrugs. It has to be emphasized, that these

results pertain to locomotion, not feeding.

Quantitative observations ) .

—

. Acetylcholine ’ o

)  Table 2 and Fig. 5, show that the food uptake is

decreased by almost 40% at concentration of 1x10°3 M.

JFig.6 1llustrates that ACh reaches its maximal effect

-at 20 miputes. Nevertheless, a 20 minutes ‘incubation

périod does n?t‘show any major diﬁﬁefence fﬁom 10 and
40 minytes incubation periodiland a one-way Anova shows !
no significént.differehce between various timfs.'Thérem
fore, it can be concluded that the\effect of ACh on food
uptake is independent of incubation time. The dose-
résponse cqrve«at 10 minute incubation is Bare]y signifi-
cant (p <.05) and non-significant at 20 and.AO minutes.
Visual micrg;fgp1c obserug:ions indicates that B. calyci-

- florus can survive at a copcentration of 5xlp'3 M Ach for

days withou; any noticeable changes in pattern of
movement. In another experiment the number of chan?es
of diréﬁtion per minute was measured on 20 animals .per
group in the presence of 5x16'3 M ACh and was compared
to,thg control group. A Sfudent‘s‘t-test indicated that

tﬁere is no difference in the pagterh or raie‘of movement

3 3
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in the presence of ACh. Therefore, one may assume that
. ' , 1
the 40% decrease in food uptake might be due to physio-

logical changes other than ciliary movement, responsible

for both 1ocomqt10n and currenfs'to sweep in fdod

particles. Such a change could bg a decrease in chemo-
reception at the pharynx and mastax, resulting in "
rejec;ion of food, as described by t]ément et‘a1:, (1980).
Should this belthe case; an important differentiatjon in
the various phases of feeding (Ipcomotidn, creation of
feeding currents by coronary cilia, chemosensory effects
and mastication) would be possible, andtlhe cholinergic
regulation of feeding narrowed down to‘chemorecepto}s.
However, at this stage this differentiation is still

hypothetical, and 6n1y the effect on locomotion and

(probqbly'feeding currents by ACh is excluded. Thus, as

stated in the Introduction (p.4 )}, feeding is not the
optimal physiological model for the study of neuronal

regulation.

52
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Molar ‘ .
Conc. -5x1073 1x107% 1x107¢

Drug
and ‘Time
of incubation

AGONIST
Acetylcholine

10 min. 0 59t7 61%7  79%9 .05 .
20 min. 55¢4  50%*1  55%2 N.S.

i

40 min. " %g2t4 608  70%7  'N.S.

MUSCARINIC ANTAGONISTS -
Benactyzine , -

10 min. 7 000 0420 - -28t0 .00
.20 min. 000 0750  30%1 .01
: 40 min., = 02:0  44*2 72tz  .po)
Homatropine « o ‘ ’
' "‘ 10 min. 635 87%¢7  100¢4  .001 -,
° 20 min. - 67¢.3 -81*5  81%*6  .025 . .
© 80 min, 8425  82¢3 812 ° N.S.. -

NICOTINIC GANGLIONIC
BLOCKERS

Pempidine* L R
"0 min. 41=5  82%16 100416 . .001
20 min. 0320 58%6 75%14. :.001"
40 min. . 7423 72%5  90ts5 .00
Hexamethonium - o S ;
10 min. 5132 5432 866  .001
20 min. 6521 . 6441~ 64:1 ° N.S. -
40 min, 3120, 3241 1 32 N.S.
) 4
Q [] -
. :54 'Dl -
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Drug'

5x10°3  1x10”

3
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.

%2 At i
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%
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55

and Time"

~of incubation: . ? -

» NICOTINIC "DEPOLARIZING" .

Decamethonium ,
10 min. 00£0 08:0  96ft4  .001
20 riin. 77¢4  90t5  90%4 001 "
40 min. | 271 . 2711 -97%6 - .001

NICOTINIC "COMPETITIVE" “

-TYPE ANTAGORISTS

d-Tubochrarine )
10 min, 44t1 4311 - 875 001
20 min. . 19:0 260 _ 61t .001
40 min. 45t2 543 100%3 001
’. — ‘ —

* 5x10°% M is used instead of 1x107% M, ~
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% Food uptake of B. calyciflorus as a function'of

10, 20 and .40 minutes incubation time in the presence
of 5x10'3, 1x10'3, and 1x10'4.M concentration of
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4 Benactyzine

r

This compound showed a strong food uptake

inhibition. Fig.& shows that the effect of benactyzine

is maximal and equal at 10 and 20 minutes incubation

period. At concentration aBove 1x10'3 M,ﬂfood pptake _
reaches its mininum before the animals die.,Fii. 8 |
indicates that at Tb and 20 minutes incubation period
the effegi of benactyiine is maximal, whereas at 40
minutes; the animals seem to recover slightly. Micro- '
scopic observatigons have shown that this habitu?tioﬁ
period doeswnot last long (often only 1-3 minufes)

and the animals start falling down to the bottom of

dish again. This pu]sétiIe reaction mi§ht continue

. ;several times and final]}nénds in the death of the
animals. The Tdentical ﬁéed{ng inhibition at 10 and

20 minutes may be fortuitqdz; insofar as a minimum
po?nt of thake may have been present in a continuous
oscillatory change. Visual observétioq would not reveal /
this, since locomotion maycbe 1ndependent of food g
uptake, as indicated in connection with the ACh effect }

on page 51.
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% Food uptake of B. calyciflorus as a function of

benactyzine concentration at 10, 20 and 40

minutes time.

!
@® 10 min. .
[ . A 20 min.
. M- 40 min.
. & . L
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Fig. 8 Y
% Food uptake of B. calyciflorus as a function of
10, 20 and 40 minutes. ipncubation time in the presence
' ‘ of 5x10'3, 1x10'3, and 1x10°% M concentration of
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‘minimal effect on food uptake. Fig. 9 and 10 shows

" to be different from 10 and 40 minutes periods. Only '

Homatropine .

This muscarinic antagonist appears to have a

that the percent inhibition of food uptake is only
10%. Fig.10 illustrates that the effect of homatropine

is maximal at 20 minutes period, but does not appear

) the,dosé-response curve measured at 10 minutes is

'statistically significant (p <0.001). The 20 minutes
@ .

effect is marginal (p-< 0.025) and the 40 minutes

‘effept is not statistically significant.
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“ It appears that this dwrug shows strong tach’yphy-
Taxis since at concentration 5x10'3 M and 20 minutes . .
period the percent food uptake is almost zero .ﬁTh?s ,
drug has a stfong pulsatile effect which will last
. , \
~for a few hours and finally will lead to collapse and
death of the animals: _. A R ~
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| % Food uﬁtake of B. calyciflorus as a function of
' w g .
10, 20 and 40 minutes incubation time in the presence
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& _ Hexamethonium .

«

R e | V
{ As shown on Fig. 14, food uptake decreases in

o ' a dose-dependent fashidn at 10 minute;.‘At 20 and 40,
minutes respectiveiy; there is san overél1\¢gcrease,
but in a dose-indgpendent way, suggesting a general
pharmacological effect, not necgssarily restricted
to feeding. fhere seems to .be a slight tachyphylaxis

1

at high concentrations at the 20 minute mark, but a

// ‘ linea} decrease of food uptake with time at the

| lowest concentration. This may suggest, that the
ab0ve-mentionéd_general effect wears off at lower
concentrations, and a more spécific, feeding-related .
actjvit& becomes visible. The‘availabIe data do not

~allow further speculation.
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- % Food uptake of B. calyciflorus as a function of

hexamethonium conEentr;tion at 10, 20 and 40

'\ o, ‘nifutes time.
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Fig. 14 -
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% Food upiake of B. calyciflorus .as a function of

10, 20 and 40 minutes incubation time in the

3

presence of 5x1073, 1x1073, and 1x10'4_M concentration

of hexamethonium. >
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d Decamethonium °

/

This drug shows a different pattern from normal ‘..
at 20 minutes (Fig.16 ). One reason for this might be
9 .that the first recovery period is at 20 minutes, . K

nmq-? ' therefof%ﬁ;Jhe'minimym effect séen is dose-indbpendent:

' One may notice that this drug has a very immediate

activity which -paralyses the aniha1s ip the’first'

minutes. Therefore{)the‘maxim@I effect occurs atu10

minutes. This time-course of }he drug effect is |
different from that shown by the other drugs. At
8 : , 1x10'4.M; the drug is not active anymore, regardéess .

} v

° , \u of the incubation time.
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Fig. ]5

% Food uptake

hdecimethpnjum concentration at 10, 20 and 40

minutes: time.

o

of B. calyciflorus as a function of
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® 10 min. .
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W 40 min.
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" Fig.16 "
‘ % Food uptake of B. calyciflorus as 2 function
' of 10, 20 and 40 minutes incubation time in the
: presence of 5x10”3, 1x10°3, and 1x1074 M concentration.
‘ .of decamethonium.
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"~ Tubocurarine A _ &
?hﬂogurarine_is a nicotinic "competitive" type
neuromuscular antagonist. Fig.18 illlistrates that at
+ 20 m}ngtes period the drug will reach  its max{mal .
éffect, in keeping with the.general pattern seen.
Considering the protracted effect o% tubocurarine in

mammalian systems, the rapid Eecovery,period in B.

calyciflorus is remarkable, and may indicate that

~

inhibition of food uptake is not baseq“qgha nicotinic

(persumably neuromuscular) effect but- perhaps depends

mé?? on muscarinic receptors.
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Fig. 18.

¥

% Food ﬁptake:of _B..ncalyci.ftorus as a function

10, 20 and 40 minutes in‘cubaﬁitioni time in the-

-3

presence of 5x10°°, 1x10°3, and 1x10°% M

eoncentration of d-tubocurarine.
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- Agonist-antagonist interactions

‘I investigated the quantitative interaction of
two agonists wi;ﬁ four antagonistsi to see if antagonism,
as seen in vertebrate systems, exists in lower inverte-,
bfates. The present as we11 as other,4mvest1gations in
thus Jaboratory, and data shown by Leake and N&lker (1980)
seem to suggest, that this is not the case. weggha}1

return to this topic in the Discussioi;/

Acetylcholine / homatropine .

! ,
Fhe presence of ACh at the highest concentration

r

-

1ncreased food uptake as compared to %ﬁ1ues without ACh.
However, the ACh effecb is not dose related. The data - -
may also be 1nterpreted as a homatrop1n1antagon1sm of
food uptake inhibition caused by ACh alone. However,

in the absence of sfatistica] significance, such

speculations cannot be sgbportedt

Acetylcholine / hexamethonium - )

~ 14

Acetylcho}tne antagonizes the hexamethonium iyduced
food uptake inhibition in a_statistically highly signifi-
cant fashion. What makes these data suspect is the fadth\
that ﬁpoe uptake-"at the lowest ACh concentration is only

17%, while in gther.series it was 51% in the:absence of
90 )



4 5 = - / . .
el I i

ACh. Since reproducibility between replicate saries/was

L O /
normally good, this discrepancy.cannot be explained, N
. . .-I: " ! -
because variance within data points was Tlow. ; '

““ég‘ ‘ . /
‘ o Carbachol / ﬁempidine and carbachol / benagkyzine
Y

I wished ‘to 1nvest1gate if other cholinerg1c L

/
agonist;\were capab]é of antagonizing the q@fect of
antmcho11nerg1c~drugs. Since carbachg1_ls/@nown as a
primarily muséaninic agonist, itg,intergtfion with
bgpactyiine, a muscar{nfc blocker, was,ﬁf special

interest. However, the result was another surprize in

' /

*th1s unconventional field of rot1fer pharmacology. -

»a
[

While both carbachol and the antagoﬁ1sts proved to be

nontox1c in the concentrations us;d when 1nvest1gated

during our qua11tat1ve exper;menfs, in comb1nat1on they
/ killed the animals at all concgntrat1on9 Thug, 1nstead
of antagonism, these drug covbinat19ns showed a syner-

gistic increase in tpxicity/

/o 91 : . o
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Fig. 19 - L

’
}

7

% Food uptake of B. cal}cif]orus in the simultaneous

presence of agonist/antagonist .after 10 mJinutes .
incubation. The toncentration of antagonist was Kept

at 5)(10'3 M while agonist concentration was varied.
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RISCUSSION and SUMMARY

K}

v

As stated in the introduction, the purpose of this-:
investigation Qas‘to contribute to answers to the following

questions: .

i / « Al - » . -
1. Is the response of rotifers’ to cholinergic drugs similqr

to. the effects known from tlassical vertebrate or .

N 3

¢

invertebrate pharmacofoqv? e,

<

2. Using food uptake as a quantitative model. how do\
. ' l
cholinergic drugs influence feeding? k

1

Iy

- }
3[ Are there any other physiological or behavioral changes

o

observable upon exposure to these drugs? ’ .

-

The answer to the first qugstion seems to be the rather.

+

unsurprising fact, that vertebrate pharmacology is not

LY

4 . ' .
applicable in lower invertebrates. Since feeding as a model

was not previously used‘in invertebrate neuropharmacology,
) Y . -

ébmparison with other invertebrate phvyla is not possible

either at this time. Similarly, since the present investiqé-
J .

tion is the first of its kind, it cannot even attempt to

answer any questions regarding detajls on rotifer neurophy-

siology. - ~

4

The second question could be answered more satisforily.

e

The results, that form the principal body of my Thesis, are ,

L 4
o
N v

96
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)

summarized in'the'éubseqnent péraqraphé, and in a concise

form in the Sumary as well. -

hs

’

The third question pertained to otheq. unforseeable
and specific pharmacoloqiéal effécts tha£ emérqed during my
observatiions. Se§3r31 novel phenomena‘were obserbéd: an -
oscillating tachyphylaxis (drug habituation) anq‘a foot
paralysis Fpused by musc§rinic blockers.

The gegeral inhibitory effect of chp;omergoc drugs on
feeding and the above mentioned unusual and physiologically

unfavourable drug effects intimate, that anv_énvironmental

pollutant acting through a cholinergic mechanism (e.g. an ' -

insecticide like malathion) could have a serious effect on
the rotifer population in a nafural environment, and

unbalance the aquatic food chain of which rotifers are an ’
»

integral part. Thus the ecotoxicological implications of

the present work warrant further investigation (Nogrady and
P " A &%

Keshmirian, 1986).

/ &
The paucity of any previous information on rotifer

pharmacology was a definite drawback in our invesﬁidé;ions.

The two previous papers in*the literatﬁre (Marriott et al., ' -
¢ N

[$]

1948; Lindner and Goldman, 1964) were either obsolete or

L .
restricted to specific phenomena  ( oviposition) and non- )

97
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systematic. Thus, our first task was to develop the
methodology suitable to followrrotifer pharmacqlogy in
some way. Such a problem does not arise in vertebrate
pharmaco1ogy, where anl}ptipite wealth of sophisticated,
Spec1f1c test methods ex1sts, and the difficulty Ljes.in
the choice of the most appropriate one. Our problem was
compounded by scant information on Yotifer biochemistry
and systems physxo]ogy as we]] Eventually, Je uti]ized
the 1nvest1gat1ons of. G1lbert Starkweathe¥ and their
collaborators, who thorough1y and systematica]]y exp]ored

the feeding biology of a common rotifer, Brachionus caly-

ciflorus. These authors used radioactively labelled algae -

and yeast cells to follow food uptake in B. calyciflorus.

We modifieg¥the1r method extensiveiy to.suit our purpose,
and eventually developed it into a highly reproducible

"test with a  Tow variance. Once this time-consuming develop-

“".menta’l werk was accomp1ished; we startedsto follow food

uptake in B. ca1yc1f10ur9 under the 1nf1uence of a

systemat1ca11y chosen series of cho]1nerg1c drugs.

Oné might afgue that feeding is too complex a
phenomenon to serve as a pharmacological "test", and we

agree‘with_that eva]uationt Feeding. in rotifers is a

N

. composite resu1t of locomotion, creat1on of feeding

P
currents’, cﬁemorecept1oh with resuttant acceptance or
reiectiOh of food particles, and mastication. It would

98
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have been impra;tical, however, to Segin‘devé1op1ng an
entirely new test s}stem, when nothing was known about
rotifer thavidurél pharmacglogy. Nevertheless, we
.searched constantly for new leads on useful systems, and
explored qualitatively effects, thf%'evqntua11y could be
evaluated quantitatively; and found some inferesting and
'.unusQaT bﬁenomeﬁa. Some of these are now under,inVestiga- .

“tion in thi's Laboratory.

- ‘ .t

A
L}

There qre;fwo novel findings that have been.uncovered

»

« during these investigations, unconnected to. the central -

problem of foad uptake regu1ati§a. Both are without

. precendent in pharmacbib@y. The, itit one is a peculiar

selective paralysis of the fooffin B. calyciflorus.
, ~ N

N\ U ,
Foot paralysis was shown by exposure of the animals

to benactyzine, @ muscarinic blocker. Subsequent investi-
gations have sho&q (Nog@ady and Keshmirian, in prepara- 7\,

tion), ;that other muscarini¢c cholinergic blockers like-

tf

:’atropine'(but notfthe short-acfiﬁg homatropine) and even h
Beta-adrenergic"blockerimlfke pﬁbpﬁanb]o\ also show the
same\phenomeno;. Acetylchdline antagonism (or lack of 1?)‘ -

"' is just ‘ag peculiar as\;h? phenoménén itself, and\i%- ' ~

diScussed:be]ow.



Thé second unp}eqedented pharmacological phEnd enon °
uncovered was an oscillating tachyphylaxis. Tachyphy]axgs,
rapid ‘drug habituation, is usually exp]ainéd.bycthe |
unéoup]ing of the cHemorecognitive part of a receptor from

' the effector, e.g. an ionophore. It may also be the result ~

.of neurotransmitter depletion of a synapse, and conseduent'
inability to respohd to receptor activation. Tﬁere are many
examples for both Techanismé in the ]iterature (Nogrady,
1985; Goth, 1984). Nowhere, however, have we found a report
on rapid recovery from tachyphy]aiis, followed by several
more tachyphylactic episodes, eventua]]jklead%ng'tb death
éahsed by the acute toxicity of\the drug.(Sucﬁ oscillating ' -

- tachyphylaxis was ﬁhowp by the mugcariﬁic blocker '
benactyzine, by the ganglionic blocker pempidine, and by
the neuromuscular blocker decamethoniumf At appropriate
concentrations, they will immobilize the test animals,
followed by recovery, and possibly another.two or three
episodes of paralysis, And finally death, all within 60-
QOKminutes only. For unknown regsﬁns, other similar drués
(e.g. the ganglionic blocker hexamethonium) shows no such _—

™~ 4

effect. We are at a loss to explain this phenomenon.

The quantitative investigations on food uptake iL B.

calyciflours also led to some interesting results. The

effect of the agonist and neurotransmitter acetylchol ine
P A

(ACh) itself was rather remarkable. ACh is an excitatory

- - ¢

(/' ‘ T - 100 /
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A

neurotransﬁitter. and penetrates the neu}onal @embrAnes of
ro?\{;rs easily, éven though it is a quaternary compound,
that would not reach the CNSléf vertebrates from.an

extgrna] sd1uti6h.'Howéver, rotifers do not possess a
"blood-brain banrier"; as first shown by Lindner and
Goldman'(39§4) and proven by ﬁauy experiménts in oun
Laboratory.,Therefére, one might have expected an excitatory
- effect, manifesting itself either in convulsions or at(

1east‘in an increase in feedinb. Howeygr, surprisingly, a
;onsgecific decrease in feeding w;s seen. This effect is

_ cons{de+ab1e (about a 40% decrease), but is do§e-indepénqent[
and does not change during 40 minutes, after its onset in
the first 10 miﬁutes of expo#qret There are no other
discernible effects, and measurements of klinokinesis
(change in rate of movément).showed no difference between
animals treated with ﬁnphy;io]dgica11y high (5x10‘3n) doses
qf Ath, and contnpl.‘ln other chronic experihgnts-it has

been shown, that B. calyciflorus stays alive in the presence
3

of .1x10"°M ACh for three days or more. Thus one might

speculate, that cho]inergic effects_of feeding are not due

to.changes in locomotion or generation of feeding currents,

¢

‘but to affecting chemoreception or mastication. If thfﬁ

3

could be proven directly by another method, the neuro-

pharmacology of rotifer feeding could be pinpointed more
precisely.-However: we made ‘no furpher progress on this
impoftant finding.

®
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Instead, we concentrated on the effect of individual
anticho]inergic drugs on food uptake. As shown on fab]e 2,
all six ant1cho]1nerg1c drugs decreased feeding, most of
them in a statistically h1gh1y significant dose dependence

v (p < .001). Homatropine and hexamethooium were the
exceptions; and acted wook]y It is remarkable that “other
drugs belong1ng to the same groups (ént1muscar1n1cs and
ganglionic b]ockers) are highly active. Thus, it is not
possible to decide that "feeding" i; regulated by a
particular neuronal pathway or receptor group. Considering
the cohp{exity of feeding - even if we‘discount ciliary
involvement - this is not surprising, aoo~a\drawback of

1

our model-.

il

If one also considers that the agonist ACh"as’we11
as all antagonists act as 1nh1b1tors, one has to conclude
that the neuronal system of rotifers is so primitive, that

"a distinction between agon1sts and antagonists, or musca-
rinic and nicotinic receptors is not possib]é.‘Such a |
hypothesis was praposed by Leake and Walker (1980) and /
corroborated by an investigation in this Laboratory |

“(Nogrady and Keshmirian, in press). in connection with

inhibition qf oviposition by ACh in an other species of

"rotifer, Philodina acuticornis.

102
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The,phenomenon of tachyphylaxis was aisovobservabla
in the feeding experiments. A1l the cémpounds that showed
oscillating tachyphylaxis in the qualitative expériments
also showed tachyphylaxis in feeding. Thi; manifésted’
itself ip minimum food—uptaké values at 10 or 20 minutes
exposure, and partial recovery at 40 minutes. Sincé at

L] .
longer, or in-between times, food uptake was not measured,

oscillation was not observable.

In any pharmacological inveJtigation agonist -
antagonist interactions afe'of gfeaf interest in exploring
neurophysiological correlations. Thhs we tried some
experiments along that line, even though the previously
out]in?d primitive recognition capabilities of the rotif%;

neuronal system were'lfikely to interfere. Indeed, the

results were not straightforward. An ACh - homatropine

antagonism, while present, was not dose related; but 1t‘has
to be reca]]éd that the homatropine feéding inhibition was

barely significant ip itself. The ACh - hexamethonium

antagonism was highly significant, but the absolute values
were somewhat lower/ than expected on the basis of earlier *
exéeriments. ﬁn the other two antagonism experiments the -
§gonist, carbachol, showed a synergistic toxic effect

instead of antagpnism.




2 : 7
ooy

C D

~ In the qualitative ACh - benactyz1ne antagonism, ACh
£
did not ‘h%& true antagonism when adm1n1stered simultaneous-

ly. However, it was capable o€€:§ercom{;g’the benactyz1ne
caused "anesthesia" and foot paralysis more rapidly than
mere transfer into pure medium, if adminisfiered consecu- -
tively. Such an effect is, however not a classical anté-‘
gonism, bqt*only g,f]ip-f]op of an ioﬁophore, degending--
on fhé prevailing drug. Results like tﬁese further
‘'strengthen the hypothesis proposed by Leake‘and Walker
(1980) and Nogrady and Keshmirian (1986,) » that
the cholinoceptor 1s merely a "1ock"'on the ionophore, and

is capable of mediating effects in rotifers nonspec1f1ca1]y !

-

only. A

A
.
~



" the rotifer Branchionus calyciflorus in qualitative

~

-

SUMMARY

The effect of cholinergic drugs was investigated on

studies, and in qﬁantitativé feeding experiments. -

‘The fogd source-was the yeast Rhodotorula glutinis,

"labelled with 3H-g]dcose. Food uptake was measured by

scintillation countihg of 20 rotifers Esr‘group in
triplicate. . '

-

. The qual{tatiye investigations uncovered two novel

» { ’

phenomena. One was a specific foot paralysis shown by
some muscarinic'blockegs. The other effect was an

oscillating tachyphylaxié,-alternate "anesthesia" and
recovery cagsed by some of phe anticholinergics used.
Several oscillations occurred within 60-90 winutos,

ending in the death of the animals. No expianation

for these phenomena is offeréd at this time.

Acetylcholine in itself'shows.a dose- and time-
indépendent.inhibition of food uptake up to 40%. No

other physiologiéﬁl phenomenon is influenced, and it

‘ is assumed that ACh acts through chem&receptors.or

. Lo Vd
the mastax ganglion.
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' food uptake inhibition. All coppounds acted as o “%

. . /-

t

Two each.f muscarinic antagonist$, ganglionic N

bloékers,'add neuromuscular blockers were -explored in

inhibitors to approximately the same exteqt, no -

distinction between them is possible.
PRI |

. The same antagonists that showed oscillating

tachyphylaxis %n the qualitative experiments, alsa
showed tachyphylaxis in the quantitative feeding
éxperiment;. This was manifested in the increa;e after ©
40 minutes in % food uptake after a minimum uptake

shown at 16 of 20 minutes exbosure.'

. .
- °
. .
o - - )
.

could be eliminated

-

Some of .the antagonist effects
by Ach, but the experiments are not conclusive.
Carbachol, a muscarinic agonist, showed a syhergistfc

toxicity if co-administered with some antichojinergics.

3

It is concluded, that-thé‘cholinbceptors of rotifers

are nonspecific and primitive, and act'only as a lock
- . -

on the jonophore. . .
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Acetylcholine:

~

Carbachol:

Hexamethonium:

Pempidine:

4

-

Benactyzine:

_ The ganglionic blocking drug which (is'

SUMMABX_QE_DBQGS_HSED
Acetylcholiﬁe is a neurotransmitter in all

ganglia, the neuromuscular ‘junction and

the postganglionic synép&gs of the v
cholinergic (parasympathetic) nervous ’

system. Both njiZotinic_ and muscarinic i

receptors bind acetylcholine. Acetylcholine

i

is normally an excitatory neurotransmitter,
) »

although it can occasionally show an
inhibitory action in cardiac muscle.

A very potent choline carbamate having

. both muscarinic and nicdtinic effects.

- ‘ . ]
Its only use at present is in the treatment -

of glaucoma. The antidote to carbachol is *
8
atropine. -

b

poorly absorbed in man. It is a ?ijuaterf,

nary compound with six methylene groups

f
separating the two cationic groups.

A ganglionic blocking drug which is well
absorbed from the gasterointestinal tract

In large doses- it  may cause central nervous <:

-s?stem stimulation and neromuscular bloackade.

Basically an anticholinergic drug with
A

many central .nervous system actions. It

Produceé mydriasis and inhibition of

.
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Homatropine:

. Dacomethonium:

d-Tubocurarine:

4

salivation. Its effects in humans -are

]

characterized by drowsiness and inability

to concentrate.

-

. In large doses., all of these anticholinergic

agents have central excitatory and

hallucinogenic effects. It differs from

?
<

atropine only in the fact that.it-is an

ester of mandelic rather than of tropic

- \

acid. It produces-mydriasis‘fairly rapidly

b

and commonly used in opthaemology. * [
This drug binds normally to the Ach R and
triggers the séme responsé as Ach, a brief
contraction of the muscle which is.

followed by a prolonged period of
transmission blockage accompanied by

»*

muscular paralysis. \

It is important neuromuscular blocking

agent, about 1/3 administered 1s excreted

unchanged in urine, whereas the rest is

‘metabolicall? alteréd.
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, . ' FEEDING EXPERIMENT

¢

20 rotifers per tube starved for 30 minutes’

‘ ) l in MBL medium S
' ‘ &L ; - s

Incubated in drug solution for 10;‘20,lof 40 minutes

¢
LN
\ 1
-)l 1.

Druq\solution drained, leaving 250 ul. residue
25 pl- labelled veast
} suspension added
b , containing >10 cells '
Incubation in‘'duplicate for 20 minutes - :
controls: No drug + yeast (normal feeding) . ]
: No drug, no rotifer, + yeast
(to test ®fficiency of
\ . . , . washing)

Rinse all tubeg/with 3x5 ml medium

. : 1 (’ . ’ o

Kill with ethanol . -
dDigest with protosol . - .
- Count 3 H ) '

. .
~

All experiménts were done in ‘triplicate

. te
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N

Yeast cultured on ‘agar plate

) o b "
’ J © . washed and centrifuged 5000RPM
. v {/‘ ‘ R . v ‘
‘ Supernatan Yeast cells .. -
-discarded , ) |
< - + iml dist. H,0.
i s .o . counted
' ' 2
. ‘ ) , Yeast cell/ml .
" ‘ + 2 cpm of 3H glucose »
o . : \ . ' added/yeast cell .
oL e : (i.e. 1 ul of 3H
. . glucose contain

2.;x10 dpm) ",

' ] + iqcupated at, 37‘ :
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