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PERIPHERAL TOXICITY OF HEMICHOLINIUM-3 IN MICE

J.J. FREEMAN, J.W. KOSH & J.S. PARRISH

Department of Basic Pharmaceutical Sciences, Division of Pharmacology, College of Pharmacy, University of South
Carolina, Columbia, South Carolina 29208, U.S.A.

1 The site (i.e. peripheral or central) of the toxicity produced by hemicholinium-3 in mice was

investigated.
2 Hemicholinium-3 was measured fluorometrically and acetylcholine was determined by gas

chromatography after intraventricular or intraperitoneal administration of hemicholinium-3.
3 Hemicholinium-3 was not detected in the brain nor were acetylcholine levels decreased in the
brain after systemic administration.
4 The dose-response curve following intraventricular administration demonstrated that
hemicholinium-3 was not as lethal after central administration as it was after peripheral administra-
tion.
5 Approximately 24% of a 75 jg intraventricular dose of hemicholinium-3 was found in the
periphery at death.
6 These results suggest that hemicholinium-3 manifests its toxicity primarily in the periphery.

Introduction

Hemicholinium-3 [2,2-(4,4-biphenylene)-bis-(2-
hydroxy-4-dimethylmorpholinium)-bromide] (HC-
3) acts to inhibit acetylcholine synthesis in vitro by
blocking the uptake of choline into the cholinergic
neurone (MacIntosh, Birks & Sastry, 1956; Gar-
diner, 1961; Guynet, Rossier, Beaujouan &
Glowinski, 1973). An inhibition of high affinity
choline uptake at the cholinergic nerve terminal also
appears to provide a satisfactory explanation of its
effects in vivo (Freeman, Macri, Choi, & Jenden,
1979). However, HC-3 also produces other effects
besides inhibition of choline re-uptake. It exhibits
antimuscarinic activity (Bertolina, Creggia& Ferrari,
1967; Madden & Mitchelson, 1975), and postjunc-
tional blockade at the skeletal muscle motor endplate
(Schueler, 1955; Marshall, 1969). Furthermore, HC-
3 may be acetylated and subsequently preferentially
released as an inactive 'false' transmitter (Collier &
MacIntosh, 1969; Hemsworth, 1971). Thus, al-
though the actions of HC-3 cannot be interpreted
solely in terms of reduced synthesis of acetylcholine,
virtually all of the actions appear to contribute to a
reduced interaction at the receptor (Elmquist &
Quastel, 1965).

In spite of the well-known inability of quaternary
ammonium compounds to penetrate the blood-brain
barrier, the site of HC-3 toxicity continues to be
controversial. Schueler, Longo & Bovet (1954),
Domer & Schueler (1960), Longo (1958; 1959) and
Dren & Domino (1968) presented evidence that
HC-3 produces its toxicity in the periphery. Schueler
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(1955), Kase & Borison (1958), Metz (1960), Quas-
tel & Curtis (1965) and Clement (1978) were of the
opinion that the toxicity produced by HC-3 after
systemic administration was mainly due to a depres-
sion of the respiratory regulatory mechanism in the
central nervous system. The purpose of the present
study was to determine whether the fatal respiratory
paralysis produced by HC-3 is centrally or peripher-
ally mediated.

Methods

Male HA/ICR mice weighing between 25 and 35 g
were used in this study. Mice were supplied by Harlan
Sprague Dawley Industries, Indianapolis, Indiana.
Hemicholinium-3 was obtained from AldrichChem-
ical Co., and neostigmine bromide, (+)-tubocurarine
Cl, and atropine methyl bromide were obtained from
Sigma Chemical Co.

Procedure for intracerebroventricular cannulation

The procedures of Haley & McCormick (1957), De
Balbian-Verster, Robinson, Hengeveld & Bush
(1971) and Shaw (1974) were modified to allow
intracerebroventricular injection in conscious mice.
Briefly, the animal was lightly anaesthetized with
ether, grasped behind the head and the skin pulled
taut. An incision the length of the sagittal structure
was made and the cannula hole (0.024 inch) was
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drilled 1 mm lateral to the sagittal suture and 2mm
rostral to the coronal suture. The cannula was con-
structed according to a modification of the procedure
of Robinson, Hengeveld & De Balbian-Verster
(1969). The cannula was constructed from PE 10
tubing (Clay Adams) with a thick-walled bulb 3 mm
from the bevelled end of the cannula. An anchoring
screw for the cranioplastic cement was placed in the
opposite side of the cranium. The animal was allowed
12 h to recover from the surgery.

Injections were perfoimed in conscious mice with a
10 A1l Hamilton syringe. Injection volume varied be-
tween 1.2 and 3.2 l1. The larger volume was used
only when necessary at higher concentrations (i.e.
75 lAg) of HC-3. The injection volume included the
drug solution followed by 0.2 yl air and 0.5 jAl saline.
Following injection the cannula was sealed. Cannula
placement was verified histologically by injecting
toluidine blue dye intracerebroventricularly and sec-
tioning the brain. Identical volumes of saline injected
into controls did not produce measurable changes in
ACh or behaviour. Current convention is utilized
in expressing the intracerebroventricular dose in tig
and the intraperitoneal dose in pLg/kg. Conversions
from amount injected to a per kg dosage are based on
an average mouse weight of 30 g.

Measurement ofacetylcholine, choline (Ch) and
hemicholinium-3 in mouse tissue

The gas chromatographic assay of Kosh, Smith, Sow-
ell & Freeman (1979) was used to determine brain
levels of acetylcholine (ACh) and choline. Following
decapitation, mouse brains were homogenized in
2.5 ml of 15% 1N formic acid-85% acetone.
The fluorescent assay of Freeman, Choi & Jenden

(1975) was used to determine brain levels of HC-3.
The method was modified as described below for the
whole body assay. The body less the spinal cord and
brain was homogenized in a Waring blender in 90 ml
of 15% 1N formic acid-85% acetone for 1.5min.
The homogenate was then centrifuged at 26,000 gfor
20min. One fifth of the supernatant was carried
through the remainder of the assay. Diethyl ether
(40 ml) was added and the sample mixed by hand for
1 min. After 5 min, the ether phase was aspirated,
and a second ether wash of 10 ml was then added.
After aspiration of the ether phase, residual ether
and acetone were removed by a stream of dry nit-
rogen. The sample was placed on ice and cold tet-
raethyl ammonium chloride (10 mM, 0.2 ml) added
followed by 0.6 ml cold saturated (2%) ammonium
reineckate salts. The sample was vortexed and placed
in an ice bath for 30 min. The remainder of the assay
was identical to Freeman etal., (1975). The sensitivi-
ty of the assay was 0.1 gLgHC-3. Recovery through
the assay varied between 75 and 85%. All data were

corrected for percentage recovery. A Perkin Elmer
type MPF44A spectrofluorometer was used with an
activation wave-length of 260nm and an emission
wavelength of 310nm with slit widths of 5 nm.

Toxicity measurements

HC-3 (150 tg/kg i.p.) was injected simultaneously
with several compounds and the time to death noted.
A dose of 150 aig/kg i.p. was adopted from the study
of Clement (1978) since it was confirmed in the
present study to produce 100% lethality. A dose of
(+)-tubocurarine (300;&g/kg, i.p.) was selected since
it produced nonlethal skeletal muscle relaxation, as
tested on the rotorod, (15 rev/min, 1 in. diam). Neos-
tigmine (0.33 mg/kg) caused salivation, lacrimation,
urination and defaecation (SLUD syndrome, Squire,
Glick & Golgfar, 1971) with lethality. A dose of
1 mg/kg atropine caused muscaripic blockade with-
out lethality (Barnes & Eltherington, 1966).

Results

Effectofintraventricular (i.c. v.) doses of
hemicholinium-3 on the time to death andpercentage
mortality in mice

Several doses of HC-3 were injected i.c.v. in an
attempt to identify the lowest dose which would
cause 100% mortality (Figure 1). There was a linear
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FIgure 1 Effect of intracerebroventricular (i.c.v.)
doses of hemicholinium-3 (HC-3) on the time to death
and percentage mortality in mice. Dose of HC-3 (i.c.v.)
is indicated in parentheses; 100% mortality was ob-
served with 75 gg or 150 ;Lg (not shown). A 5.0 tg i.c.v.
dose (not shown) was nonlethal. Horizontal bars indi-
cate s.e.mean; n = 6.
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WeP, 2 Time course of acetylcholine (ACh) and
hemichoHinium-3 (HC-3) concentration in mouse brain
after intraventricular (i.c.v.) injection of 5 jg HC-3.
Values are excpressed as percentage initial level; vertical
lines show s.e.mean. Control levels of ACh and choline
were 9.0± 1.3 nmolVg and 39.5 ± 1.3 nmolVg respective-
ly. Initial HC-3 level was the -amount injected (5 glg).
Furst measurement was made 10 min following the i.c.v.
injection. Choline levels did not change significantly
compared to controls.

relationship between time to death and % mortality.
Both 75 jug and 150 lAgHC-3 (not shown) caused
100% mortality within l5min while 83% of the
animals survived for more than 3 h following a 15 lAg
i.c.v. dose. Both the 50#g and 15 jig i.c.v. doses
caused a wide variability in the time to death while

5.0 jig i.c.v. HC-3 did not cause any deaths. The LD50
for i.c.v. HC-3 in the mouse is approximately 35 Ag.
Behaviourally, death was preceded by respiratory
difficulties.

Time course ofacetylcholine and hemicholinium-3
concentrationfollowing intraventricular injection of
HC-3 in mice

The purpose of this experiment was to determine the
time course of ACh and HC-3 levels after a non-
lethal 5 Lg i.c.v. dose of HC-3 (Figure 2). ACh levels
decreased to 39% of control values at 4 h and re-
turned to 80% of control values at 16 h. Only51% of
the amount of HC-3 injected was found in the brain
after 10 min, but 29% was still in the brain after 16 h.

Effectofhemicholinium-3 (i.p. ori.c.v.) on thetme to
death andon the concentration ofacetylcholine,
choline andHC-3 in mice

The purpose of this experiment was to examine
whether there is a relationship between the level of
ACh, HC-3 and the time to death of a lethal dose of
HC-3. A lethal i.p. dose ofHC-3 (150 pug/kg, i.p.) did
not produce detectable levels in the brain and did not
significantly change the ACh concentration (Table
1). A 75 p&g i.c.v. dose caused a sigificant reduction
in brain ACh at death (15.4 min) as well as a signific-
ant increase in brain choline. Only 50.6 pig of HC-3
was found in the brain at death, and 18.2 lg was
found in the body. When 18.2 pig was converted to a
per kg dose (622 pg/kg, methods) and injected i.p.,
the time to death was not significantly different from
the time to death caused by 75 plg i.c.v. The distribu-
tion of HC-3 after an i.c.v. or i.p. dose is summarized
in Figure 3.

Table 1 Effect of doset of hemicholinium-3 (HC-3) on the time to death and on the concentration of acetylcholine
(ACh), choline (Ch) and HC-3

Concentration

HC-3 dose

150 pg/kg (i.p.)
75 plg (i.c.v.)
622 pg/kg (i.p.)+'
Control

Thme to
death
(min)

14.8 ± 1.9
15.4± 2.4
11.4±0.6

(-~)

ACh (nmol/g)
Brain

Ch (nmol/g) HC-3 (pg) HC-3 (pg)
Brain Brain Body

11.4±0.8 48.3±2.1 ND
6.0± 0.4* 75.8 ± 9.5** 50.6±2.7

(9 ) (3 )(±)
9.0±0.3 39.5±1.3 (-)

18.2 ± 2+
(-)
(-)

tDose administered intraperitoneally (i.p.) or intracerebroventricularly (i.c.v.)
Values are expressed as mean ± s.e.mean; (-) indicates not measured; ND = non-detectable. n = 6-10.
*P< gr02; **P<0.01.
+ 18.2 fig represents 622 1ug/kcg which was reinjected i.p.
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FIgure 3 The distribution of hemicholinium-3 (HC-3) after intraventricular (i.c.v.) or intraperitoneal (i.p.)
administration.

Effectofdrugs on the time to death caused by
hemicholinium-3

The purpose of this experiment was to alter the time
to death of peripherally administered HC-3 with
drugs which act at peripheral nerve terminal sites
(Table 2). Simultaneous intraperitoneal administra-
tion of neostigmine or (+)-tubocurarine with
hemicholinium-3 produced an increase (25 min) and
a decrease (7 min) respectively in the time to death
compared to the time produced by HC-3 alone
(15 min). Atropine methyl bromide produced no sig-
nificant change in time to death compared to control.

Discussion

HC-3 is known to inhibit ACh synthesis (Yamamura
& Snyder, 1973) and to result in a depletion of ACh
in brain (Domino, Cassano & Placidi, 1974; Freeman
et al., 1975). However, the present study does not
support a relationship between toxicity and ACh
depletion. A non-lethal 5 fig intraventricular dose
produced a 61% depletion of ACh compared to only
a 33% depletion after a lethal 75 yg i.c.v. dose (Fig-
ure 2, Table 1). A lack of correlation between ACh
depletion and toxicity has also been observed in the
rat (Freeman etal., 1979). Hemicholinium-3 has also

Table 2 Effect of drugs on the time to death caused by hemicholinium-3 (HC-3, 150 pg/kg, i.p.)

Drug
HC-3 + (+)-tubocurarine (300 pg/kg, i.p.)
HC-3 + neostigmine (330 Ag/kg, i.p.)
HC-3 + atropine methyl bromide (1 mg/kg, i.p.)
HC-3 + saline

Time to death
(min)

6.5 ± 0.8*
25.5 ± 3.0**
9.5 ±0.7
14.8± 1.9

tNonlethal doses of (+)-tubocurarine, neostigmine or atropine methylbromide were administered simultaneously
with HC-3.
Values are expressed as mean ± s.e.mean. n = 6.
*P<0.01; **P<0.05.

75 pg9 i.c.v.
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been reported to cause an increase in brain choline
occasionally (Robinson, 1970; Domino, Mohrman,
Wilson & Haarstad, 1973; Freeman etaL, 1979; Jope
& Jenden, 1979). The explanation for the increase in
brain choline observed in this and previous studies is
unknown.
The results of this study indicate that HC-3 acts at a

peripheral site in mice to cause toxicity. For example,
HC-3 was not found in the brain at death after
intraperitoneal administration. Since the sensitivity
of the assay is 0.1 Ag, and more than 5 jig must be
given intraventricularly (Figure 1) before toxicity is
observed, the data do not support a central site of
toxicity. The present study confirms the findings of
Domer & Schueler (1960) and others that HC-3 does
not cross the blood-brain-barrier in significant
amounts. Freeman et al., (1979) had previously
shown that i.c.v. injection of 0.1 jig HC-3 caused a
30% reduction in ACh in the brains of rats. A
decrease in ACh levels would have indicated the
presence of small amounts of HC-3 (Giarman &
Pepeu, 1962) in the mouse brain after systemic ad-
ministration. No decrease in ACh levels was ob-
served in the present study substantiating the evi-
dence that HC-3 does not readily cross the blood-
brain-barrier.

Further evidence suggesting a peripheral site of
action was provided by the dose-mortality curve
(Figure 1). The intraventricular dose (75 tAg) ofHC-3
was 16.7 times the intraperitoneal dose (i.e. 4.5 gAg or
150gig/kg i.p., Clement, 1978) which caused 100%
lethality. These results suggested that
hemicholinium-3 is more potent in producing toxicity
after peripheral administration. An explanation for
the reduced toxicity after central administration was
found by measuring the brain levels of HC-3 (Figure
2). A large percentage of the hemicholinium-3 dose
was not recovered in the brain after 10 min. Shaw
(1974) demonstrated that leakage of iophendylate
into the periphery had occurred after intraventricular

administration in mice. Therefore, leakage into the
periphery after intraventricular administration of
HC-3 was a possible explanation for the loss. Assay
of the body for HC-3 after a lethal intraventricular
dose of 75 ug revealed that 24% was found in the
periphery at death, confirming leakage from the
brain. The HC-3 found in the body (18.2 ig or
622 gug/kg) was four times the amount (4.5 Mg,
150 Mig/kg) which caused 100% mortality when given
intraperitoneally. This suggested that HC-3 could be
causing death at a peripheral site after i.c.v. administ-
ration. This hypothesis was confirmed when the
amount of hemicholinium-3 (18.2 Mig or 622 Mg/kg)
found in the body was given systematically. The time
to death (11.3 min) was not significantly different
from the time to death (15.4min) after 75;Lg i.c.v.
(Table 1).

Since HC-3 appeared to be exerting its toxicity
peripherally, various peripheral acting neuronal
agents were given simultaneously with HC-3 in an
attempt to alter the toxicity. Previous studies indi-
cated that HC-3 affects neuromuscular function
(Elmquist & Quastel, 1965) by blocking the uptake
of choline (Gardiner, 1961) and therefore ACh
synthesis (Freeman et aL, 1975). In agreement with a
peripheral mechanism of toxicity for HC-3, (+)-
tubocurarine significantly increased the toxicity and
neostigmine decreased the toxicity of HC-3.

In summary, the results of this study do not support
the conclusion of previous studies (Schueler, 1955;
Kase & Borison, 1958; Borison, 1961; Quastel &
Curtis, 1965; Clement, 1978) which suggested a
central site of lethal action of HC-3. HC-3 was not
observed in, nor did it deplete ACh in the mouse
brain after systemic administration. The dose-
response curve after intraventricular administration
demonstrated that HC-3 was not potent in causing
central lethality and that leakage into the periphery
had occurred. These results suggested that HC-3
manifests its toxicity primarily in the periphery.
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