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Restoration of blood pressure by choline treatment in rats made
hypotensive by haemorrhage
'Ismail. H. Ulus, B. Yener Arslan, Vahide Savci & Burhan K. Kiran

Uludag University Medical Faculty, Department of Pharmacology, Bursa, Turkey

1 Intracerebroventricular (i.c.v.) injection of choline (25-150 Mg) increased blood pressure in rats made
acutely hypotensive by haemorrhage. Intraperitoneal administration of choline (60 mg kg-') also
increased blood pressure, but to a lesser extent. Following i.c.v. injection of 25 pg or 50 pg of choline,
heart rate did not change, while 100 pg or 150 pg i.c.v. choline produced a slight and short lasting
bradycardia. Choline (150 pg) failed to alter the circulating residual volume of blood in haemorrhaged
rats.
2 The pressor response to i.c.v. choline (50 pg) in haemorrhaged rats was abolished by pretreatment
with mecamylamine (50 pg, i.c.v.) but not atropine (10 pg, i.c.v.). The pressor response to choline was
blocked by pretreatment with hemicholinium-3 (20,g, i.c.v.).
3 The pressor response to i.c.v. choline (150 pg) was associated with a several fold increase in plasma
levels of vasopressin and adrenaline but not of noradrenaline and plasma renin.
4 The pressor response to i.c.v. choline (150 pg) was not altered by bilateral adrenalectomy, but was

attenuated by systemic administration of either phentolamine (10 mg kg-') or the vasopressin antagonist
[P-mercapto-fJ,fl-cyclopenta-methylenepropionyl', O-Me-Tyr2,Arg8]-vasopressin (10 pg kg-).
5 It is concluded that the precursor of acetylcholine, choline, can increase and restore blood pressure in
acutely haemorrhaged rats by increasing central cholinergic neurotransmission. Nicotinic receptor
activation and an increase in plasma vasopressin and adrenaline level appear to be involved in this effect
of choline.
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Introduction

Considerable evidence has accumulated over the years to im-
plicate brain acetylcholine in the control of blood pressure
(Philippu, 1981; 1988; Brezenoff & Giuliano, 1982; Brezenoff,
1984). Pharmacological activation of brain cholinergic neuro-
transmission results in an increase in blood pressure in several
vertebrate species, including rat, dog and man (Brezenoff &
Guiliano, 1982). More recently, it has been reported that the
centrally acting drugs, oxotremorine and physostigmine, can
restore blood pressure and increased survival rate of rats in an
experimental haemorrhagic shock model (Guarini et al., 1989).
Based on these observations it has been suggested that an in-
crease in central cholinergic tone is involved in the develop-
ment and maintenance of hypertension (Brezenoff, 1984),
while a decrease in central cholinergic tone is involved in the
complex pathophysiology of cardiovascular shock (Guarini et
al., 1989).

The rates at which neurones synthesize and release acet-
ylcholine can be affected by the level of its precursor, choline
(Wurtman et al., 1980). The supply of choline to cholinergic
neurones originates from the circulation, breakdown of re-
leased acetylcholine, and hydrolysis of choline-containing
membrane phospholipids (Wurtman, 1992). Under appro-
priate circumstances, treatments that raise circulating and tis-
sue choline levels cause a parallel increase in acetylcholine
synthesis (Cohen & Wurtman, 1975) and release (Maire &
Wurtman, 1985; Ulus et al., 1989; Koshimura et al., 1990;
Johnson et al., 1992) and enhance cholinergic transmission,
causing functional changes in neurones and cells postsynaptic
to those with elevated acetylcholine levels (Ulus & Wurtman,
1976; Ulus et al., 1977; 1978). The dependency of cholinergic
neurones on choline becomes more evident when the firing rate
of neurones increases (Maire & Wurtman, 1985; Ulus et al.,
1989). In such conditions administration of choline can greatly
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enhance cholinergic transmission (Ulus et al., 1978; Wecker &
Schmidt, 1979). Thus, a continuous and sufficient supply of
choline for acetylcholine synthesis is a crucial element in the
maitenance of cholinergic neurotransmission (Wurtman,
1992).

Brain blood flow and metabolism are greatly altered during
haemorrhagic hypotension and shock (Skarphedinsson et al.,
1986). It is likely that free choline supply to brain cholinergic
neurones from the circulation also is diminished during hae-
morrhagic hypotension and shock, and a suggested decrease
(Guarini et al., 1989) in brain cholinergic tone during hae-
morrhagic shock may result from the decrease in free choline
supply. If so, providing extra free choline to central cholinergic
neurones might restore central cholinergic neurotransmission
and help to restore blood pressure.

The present study was designed to test this hypothesis in
rats made hypotensive by acute haemorrhage. The main pur-
pose was to determine (1) whether administration of free
choline alters blood pressure in rats subjected to acute hae-
morrhage, (2) if so which cholinoreceptors mediate the action
of choline, and (3) which peripheral mechanisms are involved
in choline-induced restoration of blood pressure.

Methods

Animals

Male Wistar rats (Experimental Animals Breeding and Re-
search Center, Uludag University Medical Faculty, Bursa,
Turkey) weighing 220-300 g were used in all experiments.
Four to 6 rats were housed in hanging cages with free access to
food and water. The colony room was maintained at 20- 24°C
with a 12 h light-dark cycle (light on 08 h 00 min-20 h
00 min).

The surgical and experimental protocols were approved by
the Animals Care and Use Committee of Uludag University.
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Surgical procedures

In animals anaesthetized with ether, the vagus nerve and the
cervical sympathetic trunk were separated from the left carotid
artery and the vessel was cannulated with PE 50 tubing filled
with heparinized saline (400 u ml-). The catheter was ex-
teroirized at the nape of the neck and sealed until use. For
central injection of drugs, a burr hole was drilled through the
skull 1.5 mm lateral to the mid-line and 1.0 mm posterior to
bregma and a 10 mm length of 20 gauge stainless stell hypo-
dermic tubing was directed through the hold toward the lateral
ventricle. The cannula was lowered 4.5-5.0 mm below the
surface of the skull and was fixed to the skull with acrylic
cement. Lumbar bilateral adrenalectomy or a sham operation
were performed in 6 or 7 rats respectively. Following the
completion of these surgical and cannulation procedures the
rat was placed in an individual plastic cage and allowed to
recover from anaesthesia. Observations commenced about 2 h
after the rats had regained consciousness. During this ob-
servation period rats were left undisturbed and did not show
any sign of pain.

Haemorrhage and blood pressure recording

Following the recovery period the arterial line was connected
to a pressure transducer (Statham P23) and blood pressure was
recorded on a polygraph (Grass model 7D, Boston, MA,
U.S.A.) continuously for 10-20 min. The heart rate was
counted from the phasic pressure tracing recorded on the
polygraph. After obtaining a stable baseline blood and heart
rate, the arterial line was disconnected from the transducer and
rats were bled, allowing a loss of 2.1-2.2 ml of blood per
100 g of body weight within 5-10 min. The arterial catheter
was then flushed with 0.3 ml of heparinized saline and re-
connected to the transducer. The blood pressure was then
monitored for a stabilization period of 15-20 min to de-
termine the post-haemorrhage levels of blood pressure and
heart rate. After this stabilization period, rats received injec-
tions through the i.c.v. cannula. The blood pressure and heart
rate were then monitored for a period of 5 to 90 min.

In one set of experiments rats were subjected to graded
haemorrhage. A blood sample (0.55 ml per 100 g of body
weight) was withdrawn over 10 s into a syringe. The arterial
catheter was then flushed with 0.3 ml of heparinized saline and
connected to the pressure transducer to monitor the blood
pressure for the following 5 min. This procedure was repeated
4 times at 5 min intervals.

Lc.v. injection of drugs

For i.c.v. injection, the injection cannula (25 gauge, 11.5 mm
stainless steel tubing) was inserted through the cannula guide.
The injection cannula was connected by polyethylene tubing,
which was filled with saline or saline containing the desired

dose of the drug of interest in a 10- 50 yd microsyringe. Drugs
were then infused slowly within 6-8 s. In one set of experi-
ments, rats received two i.c.v. injections at a 15 min interval.

Blood volume and haematological parameters

The volume of total circulating blood was measured according
to the radioisotope dilution principle (Gibson et al., 1947;
Bradley & Bar, 1968) using radioiodinated albumin (['251l-al-
bumin; Diagnostic Products Company, Los Angeles, CA,
U.S.A.). Briefly, 0.3 ml of ['25Il-albumin solution
(3 x 104 c.p.m. per rat) was injected through the arterial ca-
theter and then the catheter was flushed with 0.7 ml of saline.
Two minutes after the injcetion, a 1 ml blood sample was
obtained for counting radioactivity in a gamma scintillation
spectrometer (DPC Gambyt CR, Diagnastic Products Com-
pany).

Blood cells counts, haemoglobin and haematocrit were de-
termined in a 1 ml blood sample by an automated haematol-
ogy analyser (Medonic CA 610, Stockholm, Sweden).

Plasma renin, vasopressin and catecholamines

Blood samples were kept on ice and plasma was obtained by
centrifugation (1800 r.p.m. for 20 min) at 4°C. Plasma renin
activity was assayed by measurement of angiotensin I produc-
tion at 37°C for 60 min. Angiotensin I was measured by radio-
immunoassay using a commercially available kit (Clinical Assay
Inc, Cambridge, MA, U.S.A.). Plasma renin levels were mea-
sured on the same day that the blood samples were obtained.
Plasma renin activity is expressed as nanogram of angiotensin I
produced by renin perml ofplasma during 60 min ofincubation.

Plasma noradrenaline and adrenaline were determined by
radioenzymatic assaay using a commercially available kit
(CAT-A-KIT, Amersham International, Buckinghamshire,
England). Briefly, an aliquot (50 pl) of fresh plasma was in-
cubated with catechol-O-methyltransferase and tritiated S-
adenosyl methionine. The reaction was stopped by addition of
borate buffer (pH= 8.0) containing authentic metanephrine
and normetanephrine. The amines were extracted into toluene-
isoamyl-alcohol and then into 0.1 M acetic acid. The radio-
active products were separated by thin layer chromatography,
and the appropriate areas were scraped separately into
counting vials. After periodate oxidation to vanillin, phos-
phor-containing toluene was added, and tritium was assayed
by liquid scintillation spectrometry.

Aliquots of plasma were also frozen at - 20°C for about 10
days, when they were thawed for vasopressin extraction and
radioimmunoassay. Vasopressin was extracted from 0.5 ml of
plasma with Sep-Pak C18 cartridges. Extracts were dried in a
vacuum concentrator (Jouan NT, Saint-Herblain, France).
This method of extraction provided 67± 4% (mean± s.e.mean,
n= 5) recovery of unlabelled vasopressin. The dried residues of
the extracts were resuspended with 1 ml of assay buffer, and

Table 1 Pre- and post-haemorrhage values for blood pressure, heart rate and haematological parameters

Parameters

Systolic blood pressure (mmHg)
Heart rate (beats min-')
Blood volume (ml 100 g' body weight)
Red blood cells (x 106 umm3)
Haematocrit (%)
Haemoglobin (g 100 mF-')

Pre-haemorrhage Post-haemorrhage

114±2
372±12
5.3±0.1
8.1 ±0.1
43±1

15.1 ±0.2

68 ± 3*
392 ± 18
4.1 ±0.2*
6.7 ±0.1*
35±1*

12.4± 0.3*

Fifty-five rats were subjected to acute haemorrhage by allowing a loss of 2.1-2.2 ml of blood per 100 g of body weight within 5-
10 min. In 35 rats blood pressure and heart rate were measured immediately before and 20 min after bleeding to determine 'pre-
haemorrhage' and 'post-haemorrhage' values respectively. Pre-haemorrhage blood volume was determined in 9 rats. Post-haemorrhage
blood volume was determined 20 min after bleeding was used to determine the pre-haemorrhage values of red blood cells, haemotocrit
and haemoglobin. The post-haemorrhage values of these parameters were determined in the same rats, 20 min after the bleeding. Data
are given as mean±s.e.mean of 8-35 rats. Significantly different (*P<0.01) from corresponding 'pre-haemorrhage' value.
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400 ,il aliquots were assayed in duplicate using a commercially
available radioimmunoassay kit (Buhlmann Laboratories AG,
Basel, Switzerland. The values expressed as pg ml-' and were
not corrected for extraction losses.

Drugs used

The following drugs were used: choline chloride, atropine
sulfate, mecanylamine HCI, hemicholinium-3 bromide, [fi-
mercapto-fi,fi-cyclopenta-methylenepropionyl', O-Me-Tyr2,-
Arg8]-vasopressin (Sigma, St. Louis, MO, U.S.A.), and phen-
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Figure 1 Increase in systolic blood pressure and decrease in heart
rate in haemorrhaged hypotensive rats induced by choline i.c.v. Rats
were subjected to acute haemorrhage as described in Table 1 and
received i.c.v. saline (0) or choline 25pg (0), 50ug (EJ), lOOpg (U),
or 1501pg (A) 20min after bleeding. Blood pressure and heart rate
were then monitored for 90 min. Values represent the mean ± -
s.e.mean (vertical bar) for 5-7 rats. The blood pressure values at all
the time points following i.c.v. injection of 50 pg, 100 pg and 150.pg
of choline were significantly (P<0.01) higher than the values of the
saline-treated rats. The blood pressure values 2, 5, 10 and 20 min
after i.c.v. injection of 25 pg of choline were also significantly
(P<0.05) higher than the corresponding values obtained in the
saline-treated rats. The heart rate values 2 and 5min, or 2, 5 and
10min, after i.c.v. injection of 100p4g or 150 pg of choline respectively
were significantly (P<0.05) lower than the corresponding pre-choline
values.

tolamine hydrochloride (Ciba-Geigy, Istanbul, Turkey). The
drugs were dissolved in physiological saline. All doses of drugs
refer to the free base. The volume of solution injected into the
cerebral ventricle was 10 kl. When choline was injected at in-
creasing doses, isotonicity was maintained by appropriately
decreasing the concentration of NaCl in the vehicle solution.

Data and statistical analysis

Data are presented as mean ± s.e.mean. Paired two-tailed t test
was used when animals served as their own controls and an
independent t-test was used for testing the significance of dif-
ferences between mean values from different groups of rats.
Analysis of variance (one- or two-way) was performed for
appropriate groups. Suitable a posteriori test were performed if
significant interactions were found.
A P value of less the 0.05 was considered significant.

Results

Effects of haemorrhage

Pre- and post-haemorrhage values for the animals' cardio-
vascular and haematological variables are shown in Table 1.
The haemorrhage protocol in the present experiments, allow-
ing a loss of 2.1-2.2 ml of blood per 100 g of body within 5-
10 min, resulted in about 40% loss of the initial blood volume.
This was not fatal for unanaesthetized rats; no animal died
during bleeding or within 2 h after bleeding. The blood loss
was restored partially, probably by entering of extravascular
fluid during the stabilization period, and the residual blood
volume reached 78 ±4% of the initial volume (Table 1) 20 min
after the bleeding. At this time, the red-cell count, haematocrit
and haemoglobin concentration were significantly (P<0.05)
lower than the initial values (Table 1).

The haemorrhage elicited severe and long lasting hypoten-
sion and transient bradycardia. Immediately after the bleeding,
heart rate and blood pressure were significantly lower
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Figure 2 Systolic blood pressure response to graded haemorrhage in
i.c.v. choline-treated rats. Rats were subjected to graded haemorrhage
by removing 0.55 ml of blood per 100 g body weight from the arterial
cannula 5, 10, 15 and 20min after i.c.v. injection of saline (0) or
choline (a, 50ig). Each time the arterial cannula was flushed with
0.3ml heparinized saline and blood pressure was recorded after
5min. Values represent the mean±s.e.mean for 6 rats. *Significantly
different (P<0.01) from the corresponding value in the choline-
treated group.
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(P<0.01; paired t test) than the pre-haemorrhage values and
averaged 312±18 beats min- (n=35) and 53±5 mmHg
(n = 35), respectively. Blood pressure rose gradually during the
first 10 min after the bleeding, and then stabilized at a level
about 40-50 mmHg lower than the pre-haemorrhage values
(Table 1). During the stabilization period, heart rate progres-
sively increased and returned to the pre-haemorrhage values
(Table 1).

Effects of i.c.v. choline

Injection of choline (25-150 jug, i.c.v.) evoked a dose-depen-
dent increase in blood pressure. For all doses studied, blood
pressure began to increase 20-40 s after injection and reached
a maximum within 2-5 min (Figure 1). Following this initial
peak, blood pressure began to decrease and stabilized at 80-
85 mmHg or 90-95 mmHg within 10-20 min after the in-
jection of 25 or 50 pig of choline respectively (Figure 1). At
higher doses of choline (100 or 150 jig) blood pressue increased
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Figure 3 Increase in systolic blood pressure in haemorrhaged
hypotensive rats induced by choline i.p. Rats were subjected to
acute haemorrhage as described in Table 1 and received i.p. saline
(0) or choline (@, 60mgkg-1) 20min after bleeding. Blood pressure
was then monitored for 60 min. Values represent the mean + s.e.mean
for 4-6 rats. *Significantly higher (P<0.05) than the corresponding
value obtained in the saline-treated rats.

immediately to values greater than pre-haemorrhage levels,
remained at this level for about 10 min and then gradually
returned to the pre-haemorrhage levels (Figure 1).

Heart rate did not change following i.c.v. injection of 25 pg
or 50 pg of choline, while 100 pg or 150 pg of choline pro-
duced a short lasting bradycardia (Figure 1).

Measured 5 min after i.c.v. choline (150 jig), the residual
blood volume (4.3 ± 0.3 ml 100 g'l body weight), the red-cell
count (6.9 ± 0.1 x 106 mm-3), haematocrit (36 ±1%) and hae-
moglobin content (12.8 ± 0.3 g 100 ml-') were not different
from values (4.2±0.2 ml 100 g1 body weight; 6.5±0.2
x 106 mm-3; 34 ± 2%; 10.5 ± 0.5 g 100 ml-', respectively) in
saline-treated rats (n = 6).

Some rats were first given i.c.v. choline (50 jg) and then
subjected to graded haemorrhage. Choline caused a slight
transient increase in systolic blood pressure (Figure 2). Injec-
tion of saline (10 pl, i.c.v.) failed to alter blood pressure. Five
minutes after the i.c.v. injection of choline or saline, rats were
subjected to graded haemorrhage. This resulted in a transient
fall in systolic blood pressure immediately after each hae-
morrhage. After each of the first two haemorrhages, blood
pressure returned to values not significantly different from pre-
haemorrhage in both choline- and saline-treated rats. Sub-
sequent haemorrhages resulted in sustained and highly sig-
nificant (P<0.01; paired t test) reductions in blood pressure in
saline-treated rats. Choline-treated rats tended to have smaller
reductions in systolic blood pressure after each haemorrhage
step in these rats, blood pressure was significantly higher than
in saline-treated rats following the last haemorrhage (Figure
2).

Effect of peripherally administered choline

In the one set of experiments the haemorrhaged rats were in-
jected with choline (60 mg kg-') or saline i.p. and blood
pressure was monitored for 60 min. Blood pressure began to
increase within 2-5 min and stabilized 15-20 min after the
choline injection (Figure 3). The maximal increase in blood
pressure was about 20 mmHg and in no animal did the blood
pressure reach pre-haemorrhage levels (Figure 3). In-
traperitoneal injection of lower doses (0.5-10 mg kg-) of
choline failed to alter blood pressure in haemorrhaged rats
(data not shown).

Interaction of i.c.v choline with atropine, mecamylamine
and hemicholinium-3

To determine if central muscarinic and/or nicotinic cholino-
ceptors mediated the pressor effect of choline in haemorrhage-
induced hypotension, rats were pretreated with atropine or
mecamylamine 5 min after bleeding or 15 min before i.c.v.
injection of choline (50 jig). Mecamylamine, but not atropine,

Table 2 Effect of atropine, mecamylamine or hemicholinium-3 on the pressor response to i.c.v. choline in haemorrhaged rats

Systolic blood pressure (mmHg)

Treatments

Saline + saline
Saline + choline
Mecamylamine + saline
Mecamylamine + choline
Atropine + saline
Atropine + choline
Hemicholinium-3 + saline
Hemicholinium-3 + choline

Pre-haemorrhage Post-haemorrhage

118 +4

116+ 3
117 ±4
117 +4
119 +4
113 ±4
115 ± 3
114+2

64±5
60±4
66±6
67+5
60+ 8
61±6
66+ 3
63 +2

Rats were subjected to acute haemorrhage as described in Table 1. They received i.c.v. either saline (10 pl), atropine (10 fig),
mecamylamine (50 jg) or hemicholium-3 (20 pg) 5 min after bleeding, followed by i.c.v. saline (10 pil) or choline (50 jig) 15 min after
the first i.c.v. treatment. Blood pressure was measured immediately before haemorrhage, 20 min after the haemorrhage and 5 min after
the second i.c.v. injection ('pre-haemorrhage', and 'post-haemorrhage' and 'after second i.c.v. treatment', respectively). Data are given
as mean ± s.e.mean of 5-9 rats. * Significantly different (P< 0.01) from corresponding 'post-haemorrhage' value.

After second
i.c.v treatment

66±9
103 ± 11*
70 ±9
68±8
56±14
99 ± 10*
73±4
70±3

1914



I.H. Ulus et al Choline restores hypotension in haemorrhaged rats

Table 3 Effects of i.c.v. choline on blood pressure, plasma levels of vasopressin, renin and catecholamines in haemorrhaged rats

After bleeding After bleeding
and i.c.v. and i.c.v.

Parameters Basal levels saline choline

Blood pressure (mmHg) 115±4 67±3 121 ± 8*
Vasopressin (pg mr' ) 3 ±1 10±1 68 ± 12*
Renin (ng Ang-l h'l mr) 7±2 39±3 35 ±4
Catecholamines

Noradrenaline (pg ml-) 247± 18 415±43 490±45
Adrenaline (pg mn-) 311±25 1495 ±176 5506±347*
Dopamine (pg ml') no data 75±13 230 ± 25*

Rats were subjected to acute haemorrhage as described in Table 1. The first 1.5 ml of blood was collected to determine the 'basal levels'
of vasopressin, renin and catecholamines. Rats were injected i.c.v. with saline or choline (150 tg) 20 min after haemorrhage, 5 min later
blood pressure was monitored and then 1.5 ml of blood was taken for measurement of post-haemorrhage plasma levels of vasopressin,
renin and catecholamines. Data are given as mean s.e.mean of 7-16 measurements. Significantly different (*P < 0.01) from the value
of the saline group.

abolished the effect of choline on blood pressure in haemor-
130- rhaged rats (Table 2). Given alone, these compounds did not

produce any significant change in blood pressure (Table 2).
120 - In order to determine whether the effect of i.c.v. choline was

mediated through a presynaptic mechanism, rats were pre-
110- treated with the high affinity choline uptake blocker hemi-

cholinium-3 i.c.v. 5 min after bleeding, 15 min before i.c.v.
E 1 Iinjection of choline (50 yg). The pretreatment blocked the ef-
E 100- fect of i.c.v. choline (Table 2).

90s- I Plasma vasopressin, catecholamines and renin

Q. _ 0 * The haemorrhage protocol employed in this study resulted in a
- 80 several fold increase in plasma levels of vasopressin, adrenaline,
o noradrenaline and renin (Table 3). Injection of choline (150 Mg,

70- i.c.v.) increased further, 6.8 and 3.7 fold, plasma levels of va-
sopressin and adrenaline, respectively (Table 3). Choline failed

60 - I to alter the increased levels ofnoradrenaline and renin (Table 3).
____________________________________ Influence of bilateral adrenalectomy on the effect of i.c.v.50- ' ' ' choline

0 5 10 15 20 25 30 35
Time (min) Bilateral adrenalectomy or a sham operation were performed

Figure 4 Effect of adrenalectomy on the pressor response to i.c.v. in groups of 6 or 7 rats, respectively. Two hours after the
choline in haemorrhaged rats. Bilaterally adrenalectomized (0) or operation animals were bled. Systolic blood pressure averaged
sham-operated (0) rats were subjected to haemorrhage as described 113 ± 3 mmHg, or 114 ± 5 mmHg before haemorrhage in sham
in Table 1. Twenty min after the haemorrhage they were injected operated or bilaterally adrenalectomized rats, respectively.
i.c.v. with choline (150lpg) and blood pressure was monitored for Values 20 min after bleeding were 66 ± 5 mmHg or 63 ± 5
30 min. Values represent the mean ± s.e. for 6-7 rats. mmHg in sham-operated or bilaterally adrenalectomized rats,

Table 4 Effect of vasopressin antagonist and phentolamine on the pressor response to i.c.v. choline haemorrhaged rats

Systolic blood pressure (mmHg)
After i.c.v.

Pretreatments Pre-haemorrhage Post-haemorrhage choline

Saline 121±4 65 ±7 121 ±5*
Vasopressin antagonist 122 ± 2 62±4 84±3*
Phentolamine 121±1 52±4 93±6*
Vasopressin antagonist
+phentolamine 121±2 38±1 40±2

Rats were subjected to acute haemorrhage as described in Table 1. They received i.a. either saline (1 ml kg-), the vasopressin
antagonist P-mercapro-p,I3-cyclopenta-methylenepropionyll, O-Me-Tyr2,Arg -vasopressin (10 FIg kg-), phentolamine (10 mg kg-') or
both about 5 min after the bleeding and received i.c.v. choline (150 fig) 15 min after the i.a. treatment. Blood pressure was measured
immediately before haemorrhage, 20 min after the haemorrhage and 5 min after i.c.v. injection of choline ('pre-haemorrhage', 'post-
haemorrhage' and 'after i.c.v. choline', respectively). Data are given as mean ± s.e.mean of 5-7 rats. * Significantly different (P <0.01)
from corresponding 'post-haemorrhage' value.
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respectively. In both groups of animals, i.c.v. injected choline
(150 jg) caused an immediate and large increase in blood
pressure (Figure 4). The increase in adrenalectomized animals
was slightly but not significantly lower than in sham-operated
rats (Figure 4).

Interaction of i.c.v. choline with x-adrenoceptor and
vasopressin antagonists

To determine if plasma catecholamines and/or vasopressin
mediated the pressor effect of choline in haemorrhage-induced
hypotension, rats were pretreated with phentolamine, [f-mer-
capto-fi,fl-cyclopento-methylenepropionyl',O-Me-TyriArg8]-
vasopressin or both through the arterial cannula 5 min after
bleeding and 15 min before i.c.v. injection of choline (150 mig).
Phentolamine showed a tendency to decrease blood pressure in
haemorrhaged rats and attenuated the pressor response to
i.c.v. choline (Table 4). The vasopressin antagonist, fJ-mer-
capto-fif4- cyclopento-methylenepropionyl1,O -Me - TyriArg8-
vasopressin itself did not alter the post-haemorrhage blood
pressure but attenuated the pressor effect of choline (Table 4).
When rats were pretreated with both of the drugs, the blood
pressure further decreased and the pressor response to i.c.v.
choline was prevented (Table 4).

Discussion

These data show that the central administration of choline
(25- 150 ug) raises and restores blood pressure in acutely hy-
potensive rats. Since blood pressure was only partially restored
by the i.p. administration of a much higher dose (60 mg kg-)
of choline, the effect of choline appears to be centrally medi-
ated.

Administration of the same doses of choline to non-bled
rats also increases blood pressure (Caputi & Brezenoff, 1980;
Arslan et al., 1991). In non-bled rats, the increase in blood
pressure in response to a given dose of choline is much
smaller in magnitude and shorter lasting (Caputi & Bre-
zenoff, 1980; Arslan et al., 1991) than the observed response
in haemorrhaged rats (Figure 1). Indeed, in our experiments,
i.c.v. injection of 50 pg of choline to normal rats caused
only a slight (by about 4-8 mmHg) and transient (lasting
5 min) increase in blood pressure (Figure 2). The same dose
of choline produced much higher increases (by about 35-
55 mmHg) in blood pressure in haemorrhaged rats and the
increase was maintained at least for 90 min (Figure 1). Also,
the same dose of choline (50 jg) protected to some extent
against the haemorrhage-induced decrease in blood pressure
at a time when its effect on blood pressure was no longer
observable in non-bled rats (Figure 2). Moreover, injection
of 25 pg of choline (i.c.v.) which does not increase blood
pressure in normal rats (Ulus et al., unpublished observa-
tion), increased blood pressure in haemorrhaged rats (Figure
1). These data show that the blood pressure response to
i.c.v. injected choline is enhanced in haemorrhaged rats. One
interpretation is that the demand for choline increases in
some cholinergic neurones during haemorrhage, and the
normal supply of choline to those cholinergic neurones does
not keep pace with the demand for acetylcholine synthesis.
When this requirement is satisfied, these neurones synthesize
and release more acetylcholine which allows maximal func-
tioning at postsynaptic nicotinic receptors. In this way, the
blood pressure is restored and maintained at normal or near
normal levels (Figure 1). Another interpretation of the re-
sults is that any slight enhancement of central cholinergic
transmission is more efficient in increasing blood pressure
when blood pressure is very low.

In normotensive, non-bled animals the pressor response to
i.c.v. choline involves both central muscarinic and nicotinic
mechanisms (Arslan et al, 1991). In the present study, the
pressor effect of choline was not influenced by pretreatment

with atropine but prevented by mecamylamine (Table 2).
These data show clearly that the effect of i.c.v. choline in the
haemorrhaged rats was mediated solely by central nicotinic
receptors. It has recently been reported that intravenous ad-
ministration of oxotremorine or physostigmine restores blood
pressure and increases the survival rate in haemorrhaged rats
(Guarini et al., 1989), an effect also mediated by central ni-
cotinic receptors. The present results are in good accordance
with this report. It seems, therefore, that a different central
cholinergic mechanism is involved in the regulation of blood
pressure in haemorrhaged and normal rats. This view is further
supported by the differences in the heart rate in response to
i.c.v. choline in haemorrhaged hypotensive rats and normo-
tensive animals. In normotensive, non-bled rats the decrease in
heart rate in response to a given dose of choline is much greater
and longer lasting (Caputi & Brezenoff, 1980; Arslan et al.,
1991) than the observed response in haemorrhaged rats (Fig-
ure 1). The reduction in heart rate in normotensive rats is
independent of the blood pressure change (Caputi & Brezenoff,
1980; Arslan et al., 1991). On the other hand, in haemorrhaged
rats the reduction in heart rate is apparently mediated via a
baroreceptor reflex in response to the increase in blood pres-
sure.

In addition to its ability to increase nicotinic neuro-
transmission by a presynaptic mechanism, choline also acti-
vates nicotinic receptors as a direct agonist (Ulus et al., 1988).
The choline concentration necessary to interact with the brain
nicotinic receptors (Ki= 379-1167 pM) is considerably higher
than the choline concentration (10-60 pM) required to in-
crease acetylcholine release from brain cholinergic neurones
(Maire & Wurtman, 1985; Ulus et al., 1989). The failure of
50 pg of choline to restore blood pressure in haemorrhaged
rats pretreated with the high affinity choline uptake blocker,
hemicholinium-3 (20 jg), strongly suggests that the effect of
choline, at doses of 25 or 50 pg, results from its presynaptic
action as a precursor of acetylcholine. The observed increase in
blood pressure following i.c.v. injection of higher doses (100
and 150 jig) of choline may also result, to some extent, from its
direct agonist action at central nicotinic receptors.

The pressor response to i.c.v. choline was associated with
a several fold increase in plasma levels of adrenaline and
vasopressin but not of noradrenaline and plasma renin ac-
tivity (Table 3). This lack of effect on plasma noradrenaline
agrees with the previous observations that central cholinergic
stimulation primarily activates the adrenomedullary pathway
of the sympatho-adrenal system (Ulus & Wurtman, 1979;
Arslan et al., 1991). The failure of choline to increase
plasma renin activity (Table 3) is in good agreement with
our previous report (Arslan et al., 1991) and rules out the
possibilty that the peripheral renin-angiotensin system plays
a role in the response to i.c.v. choline in haemorrhaged rats.
The increases in plasma levels of adrenaline and vasopressin
strongly suggest that these two hormones may mediate the
pressor effect of i.c.v. choline in haemorrhaged rats. In fact,
both phentolamine and a vasopressin antagonist attenuated
the pressor response to i.c.v. choline. However, both an-
tagonists had to be given simultaneously to block the effect
of choline entirely. These observations support the conclu-
sion that the elevated levels of plasma vasopressin and
adrenaline both contribute to the pressor action of i.c.v.
choline in haemorrhaged rats. On the other hand, the failure
of the bilateral adrenalectomy to alter the pressor response
to i.c.v. choline is not in favour of this conclusion. One
possibility is that the observed pressor response to i.c.v.
choline in the adrenalectomized rats was achieved by en-
hanced contributions by vasopressin and/or noradrenaline.
This possibility was not tested in the present experiments but
is currently under investigation.

In conclusion, the present data show that i.c.v. adminis-
tration of choline restores blood pressure in haemorrhaged rats
by restoring central nicotinic transmission. The availability of
choline for some cholinergic neurones appears to play an im-
portant role in blood pressure regulation. The observations
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suggest that choline might be clinically useful for treatment of
haemorrhagic hypotension and for prophylactic therapy prior
to extensive surgery, all the more so when it is borne in mind
that choline increases the resistance to acute haemorrhage and
has reticuloendothelial system-stimulating activity (Altura,
1978) which might confer trauma protection.
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