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SUMMARY

1. The aim of the present study was to investigate the effect
of the intracerebroventricular (i.c.v.) or intravenous (i.v.) admin-
istration of cytidine 5’-diphosphocholine (CDP-choline) on super-
ior mesenteric artery (SMA) and renal artery (RA) blood flow,
along with the cardiovascular parameters and survival time of
anaesthetized rats under conditions of haemorrhagic shock.

2. Rats were anaesthetized with urethane (1.25 g/kg, i.p.) and
acute haemorrhage was mimicked by the withdrawal of a total
volume of 2-2.1 mL blood /100 g bodyweight over a period of 20 min.
The CDP-choline was injected i.c.v. (1.0, 1.5 and 2.0 mol) or
i.v. (250 mg/kg) after the end of haemorrhage. Blood pressure,
heart rate, SMA and RA flow values and the survival time of
rats were recorded. Changes in blood flow were estimated by
laser-Doppler flowmetry.

3. The haemorrhage procedure decreased the blood pressures
of rats by 60% and limited their survival time to 22 * 2 min.
Both SMA and RA flow decreased to approximately 25% of
initial values at the end of the haemorrhage procedure.

4. The i.c.v. administration of CDP-choline (1.0, 1.5 and
2.0 pmol) increased blood pressure and partially reversed the
hypotension in a dose- and time-dependent manner. At 1.5 and
2.0 pmol, i.c.v., CDP-choline completely restored the decreased
flow of the RA and transiently reversed hypoperfusion of the
SMA. It also produced an almost fourfold increase in the
survival time of rats.

5. The i.v. administration of CDP-choline (250 mg/kg) also
completely, but transiently, restored SMA and RA flow, whereas
it increased blood pressure by only 40% compared with control
values. The survival time of rats in the i.v. CDP-choline group
was doubled that of control.

6. These results indicate that both centrally and peripherally
injected CDP-choline can restore SMA and RA flow, together
with a partial reversal of hypotension and an increase in the
survival time of rats.
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INTRODUCTION

Cytidine 5’-diphosphocholine (CDP-choline; citicoline) is an endog-
enously synthesised mononucleotide. It exerts variety of beneficial
physiological and pharmacological effects on body functions by
mediating membrane phospholipid production,'? by altering brain
membrane metabolism under ischaemic conditions** and by increas-
ing central cholinergic™® and dopaminergic transmission.” It is also
a drug used for the treatment of brain injury and stroke in several
European countries and Japan, with almost no toxicity.*® We dem-
onstrated recently that intracerebroventricular (i.c.v.)® or intravenous
(i.v.)® injection of CDP-choline very effectively increases blood
pressure in normal rats and reverses hypotension under conditions
of haemorrhagic shock. Shock is characterized by hypotension and
hypovolaemia leading to the deterioration of the perfusion of several
tissue and organ systems.”'® It is known that haemorrhagic shock
can cause anuria and renal failure by profoundly decreasing renal
blood flow'! and that it generates selective mesenteric ischaemia
by producing a disproportionate mesenteric vasospasm, which is
one of the most important reasons for the decreased survival under
these conditions.'>'* Furthermore, it has been reported that the
mesenteric vasoconstrictor response to haemorrhage is mediated
primarily by the activation of the renin-angiotensin axis.'? Cytidine
5’-diphosphocholine does not affect plasma renin activity, whereas
it does increase plasma vasopressin and adrenaline levels during its
reversal of hypotension.>® Hence, we postulated that CDP-choline
would be able to improve the decreased blood flow of the superior
meseneteric and renal arteries (SMA and RA, respectively), together
with a restoration of blood pressure without changing renin activity,
and that this effect would be advantageous in determining the out-
come of hypovolemic shock. The present study was designed to
determine whether CDP-choline can affect the flow of those import-
ant arteries, as well as survival time after haemorrhagic shock,
by increasing blood pressure in anaesthetized rats.

METHODS

Experimental animals

Adult male Wistar albino rats (250-300 g; Experimental Animals Breeding
and Research Centre, Uludag University, Bursa, Turkey) were used in the
present study. Rats were housed under a 12 h light/dark cycle with free
access to food and water. The surgical and experimental protocols were
approved by the Animal Care and Use Committee of Uludag University and
are in accordance with the National Institute of Healths Guide for the Care and
Use of Laboratory Animals (http://www.oacu.od.nih.gov/regs/guide/guide1.htm)
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Surgical and preparative procedures

Rats were anaesthetized with urethane (1.25 g/kg, i.p.) and the left common
carotid artery was cannulated with PESO tubing filled with heparinized
saline (250 U/mL). During the arterial cannulation procedure, the vagus
nerve and the cervical sympathetic trunk were separated very carefully. For
i.c.v. injection of drugs, a burr hole was drilled through the skull 1.5 mm
lateral to midline, 1.0 mm posterior to bregma. Then, 22 gauge stainless steel
hypodermic tubing was directed through the hole towards the lateral ventri-
cle. The cannula was lowered 4.5 mm below the surface of the skull and was
fixed to the skull with acrylic cement. For the i.v. injection of drugs, the left
jugular vein of rats was cannulated with polyethylene tubing (PE50) filled
with heparinized saline (250 U/mL). The SMA or RA was then exposed
by a midline incision and dissected from peripheral tissues. The laser-
Doppler flow probe (needle probe; TSD 144; Biopac Systems, Santa Barbara,
CA, USA) was secured in a special manipulator stand and placed above the
selected artery. In order to reduce artefacts in the perfusion signal that can
be caused by the relative movement of tissues induced by breathing, the
supported probe was allowed to lightly come into contact with the surface
of the artery. The skin of rats was closed to avoid fluid loss due to
evaporation throughout the study period. The rectal temperature of rats
was maintained at 37-38°C.

Cardiovascular and blood flow recordings

At the end of the preparative procedures, the arterial cannula was connected
to a volumetric pressure transducer (BPT 300; Commat, Ankara, Turkey)
attached to a DA100B general-purpose transducer amplifier (Commat,
Ankara, Turkey). The flow probe was connected to a Biopac LDF 100A
Laser Doppler Flow Module. The blood pressure, heart rate and blood flow
of rats were recorded and analysed using the MP100 system and Acq-
Knowledge software (Biopac Systems). Blood pressure was reported as
mean arterial pressure (mmHg) and heart rate was expressed as b.p.m. The
laser-Doppler flow meter was designed to measure real-time blood cell
perfusion. Laser-Doppler flow signals were recorded as blood perfusion
units (BPU). Simultaneously with the BPU output, backscatter signals were
recorded to determine whether the probe was working properly. In addition,
the backscatter values helped us control whether constant contact between
the probe and tissue throughout the measurement.

Haemorrhage and experimental protocol

After connecting the arterial catheter to the transducer and the flow probe
to the flow module, baseline blood pressure, heart rate and BPU values of
rats were recorded. Rats were allowed to stabilize for 15 min, then acute
hypotensive haemorrhage was mimicked by the withdrawal of a total
volume of 2.0 or 2.1 mL blood/100 g bodyweight over a period of 20 min.
Then, saline or CDP-choline was injected i.v. or i.c.v. and cardiovascular para-
meters were monitored over the next 90 min. For survival time recordings, rats
continued to be monitored until they died. Different sets of animals were
used for the measurement of SMA and RA flow in each treatment and dose
group to avoid the large surgical incisions, which may affect the outcome
of the haemorrhage.

Intracerebroventricular and i.v. injection of drugs

For i.c.v. injections, a 50 wL Hamilton microsyringe was connected to an
injection cannula (28 gauge stainless steel tubing), through the polyethylene
tubing, and was filled with saline or CDP-choline. The injection cannula was
inserted into the guide cannula (22 gauge stainless steel tubing). Drugs,
in a volume of 10 L, were then delivered by hand, slowly, over 40—60 s.
At the end of each experiment, the injection site was verified by the
injection of 10 nL India ink.

For i.v. injections, the jugular vein was used and drugs were injected
through the polyethylene catheter (PE 50) that had been placed before. The
injection volume of saline or CDP-choline was 1 mL/kg.

Drugs

Cytidine 5’-diphosphocholine was purchased from Sigma-Aldrich (St Louis,
MO, USA). It was dissolved in saline (0.9% NaCl).

Data and statistical analysis

Data are given as the mean+SEM. Statistical analysis was performed using
spss for Windows version 11.0 (SPSS, Chicago, IL, USA). For the analysis
of blood pressure, heart rate, SMA and RA flow, a two-way mixed-design
ANOVA (with independent measures on treatment groups and repeated meas-
ures on time periods) was performed with Greenhouse—Geisser adjustment
when necessary."® Student’s unpaired #-test and one-way ANOVA with a post
hoc Bonferroni 7-test was used for the comparison of the distributions of
the survival time of rats between treatment groups. Two-sided P < 0.05 was
considered significant.

RESULTS

Effects of haemorrhage on cardiovascular parameters,
SMA and RA flow and survival time in anaesthetized rats

The baseline blood pressure and heart rate of anaesthetized rats
were 76 £ 1 mmHg and 292 £ 6 b.p.m. (n = 73), respectively. Acute
haemorrhage decreased blood pressure to 24 + 1 mmHg (n =73)
and increased heart rate to 352 + 9 b.p.m. Control SMA (n =37) and
RA (n=36) flow was 2988 + 154 and 2161 * 64 BPU, respectively.
At the end of haemorrhage, the flow in these two arteries decreased
by approximately two- to threefold. Rats in the saline-treated group
survived for 22 £ 2 min (n = 25) under these conditions.

Effects of i.c.v. CDP-choline on cardiovascular
parameters, SMA and RA blood flow and survival time
in haemorrhagic shock

Previous reports have demonstrated the cardiovascular effects of
CDP-choline in conscious rats.> In the present study, we determined
the effect of CDP-choline on the same parameters in anaesthetized
rats. The i.c.v. administration of CDP-choline (1.0, 1.5 and
2.0 pmol) produced dose- and time-related increases in blood pres-
sure (Fig. 1a). Analysis of variance revealed a significant effect of
dose (F3 33 =9.64; P < 0.001), time (F3 95, = 35.33; P < 0.001) and
dose—time interaction (Fy9s) = 5.00; P < 0.001). An approximately
15 and 35 mmHg increase in blood pressures was observed after the
injection of 1.0 and 1.5 pmol, i.c.v., CDP-choline. The magnitude of
the increase in blood pressure levels was similar after the injection
of 1.5 and 2.0 pwmol CDP-choline and only partial reversal of hypo-
tension was observed with these two highest doses of CDP-
choline. Peak increases were obtained within 5-10 min after the
injection of each dose.

Cytidine 5’-diphosphocholine treatment caused a small increase
in heart rate in haemorrhaged hypotensive rats (Table 1). Analysis
of variance demonstrated that CDP-choline produced a signi-
ficant time effect on heart rate (/7, ;4 = 26.22; P < 0.001) but the dose
(Fasy=2,14; P=0.11) and dose-time (F;;,=0.68; P =0.68)
effects were not significant.

The i.c.v. injection of CDP-choline (1.0, 1.5 and 2.0 wmol)
increased the blood flow of the SMA in a dose- and time-dependent
manner (Fig. 1b). The decreased blood flow of the SMA returned
to prehaemorrhage values within 5-10 min after the injection of
1.5 and 2.0 wmol CDP-choline (Fig. 1b). Analysis of variance
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Fig. 1 Effect of i.c.v. cytidine 5’-diphosphocholine (CDP-choline) on
(a) blood pressure and the blood flow through the (b) superior mesenteric
artery (SMA) and (c) renal artery (RA) in haemorrhaged rats. Rats were sub-
jected to acute haemorrhage and saline (10 pwL; {3) or CDP-choline (1.0 (H),
1.5 (0) and 2.0 pmol (A)) was administered i.c.v. ‘0’ indicates the time at
which saline or CDP-choline was injected after haemorrhage. Blood pressure
and the flow of arteries were monitored and a 60 min period of observation
is shown. The numbers given in parentheses show the number of surviving
rats where they differ from the starting number of animals. Data are the
meantSEM. Statistical analysis was performed using two-way, mixed-design
ANOVA. The ANovA was not applied after the time at which the number of
animals in the saline-treated group was less than five.

confirmed that CDP-choline produced a significant dose (£(3 9, = 6.20;
P <0.01), time (Fjs,)=22.60; P<0.001) and dose-time inter-
action (Fy 57 = 4.30; P <0.001) on SMA flow.

At 1.0 pmol, i.c.v., CDP-choline did not significantly change
the blood flow of the RA, but complete restoration of decreased

Table 1 Effect of cytidine 5’-diphosphocholine on heart rates of
haemorrhaged anaesthetized rats

Heart rate (b.p.m.)

Before After After
Treatment haemorrhage  haemorrhage treatment
Intracerebroventricular injections
Saline 282+ 15 385+ 19 412+ 11
CDP-choline
1.0 pmol 278+ 17 393+ 17 394+29
1.5 pmol 28112 322+£25 378 £23
2.0 pmol 306 £ 12 347+ 16 412+ 13
Intravenous injections
Saline 297+ 20 3669 369 £ 13
CDP-choline (250 mg/kg) 278 £ 10 329+ 19 309+ 17

Rats were haemorrhaged and saline or cytidine 5’-diphosphocholine
(CDP-choline) was injected, i.c.v. or i.v. The heart rate of animals was
recorded. The ‘after treatment’ values represent the heart rate obtained 5 or
10 min after the injections.

Data are the mean+SEM of 12—13 rats.

perfusion values of the RA was observed after injection of 1.5 and
2.0 pmol, i.c.v., CDP-choline (Fig. 1¢). Analysis of variance revealed
a significant effect of CDP-choline dose (F; 5 = 9.77; P <0.001),
time (Fo5)=40.16; P <0.001) and dose-time interaction
(Fs36)= 10.87; P <0.001) on RA perfusion.

In these groups, 1.5 and 2.0 wmol, i.c.v., CDP-choline increased
the survival time of rats from 21 £ 2 min (saline group) to 95 £ 16
and 105 = 12 min, respectively (Fig. 3a). Analysis of variance
confirmed that the effect of CDP-choline on the survival time of rats
was significant (F; 45, = 5.66; P <0.01).

Effects of i.v. CDP-choline on cardiovascular parameters,
SMA and RA blood flow and survival time in
haemorrhagic shock

In anaesthetized rats, the i.v. injection of CDP-choline (250 mg/kg)
increased blood pressure by 40% from hypotensive values (Fig. 2a).
The pressor effect reached its maximum within 5 min of the
administration of CDP-choline and returned to pre-injection
values at around 15 min (Fig. 2a). Analysis of variance revealed a
significant effect of time (F{, 35 = 22.65; P < 0.001) and dose-time
interaction (F, 35 = 17.15; P < 0.001).

Intravenously injected CDP-choline did not significantly affect
the heart rate of rats (Table 1).

The i.v. administration of CDP-choline enhanced the blood flow
of both SMA and RA (Fig. 2b,c). The effect was transient and flow
returned to prehaemorrhage values within 10 min after injection.
Analysis of variance confirmed that CDP-choline exerts significant
dose (F{;,19) = 66.44; P < 0.001), time (F 335, = 16.10; P < 0.001) and
dose—-time interaction (F;;0 =18.09; P <0.001) effects on the
blood flow of the SMA and significant dose (F; 5, = 9.01; P < 0.05),
time (F 0, = 14.68; P <0.05) and dose-time interaction
(F110)= 19.47; P <0.05) effects on RA flow.

The survival time of rats treated with CDP-choline (250 mg/kg,
1.v.) was significantly (P < 0.05) longer than that of saline-treated
rats (50 £ 10 vs 23 £ 3 min, respectively; Fig. 3b).
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Fig.2 Effect of i.v. cytidine 5’-diphosphocholine (CDP-choline) on (a)
blood pressure and the blood flow through the (b) superior mesenteric artery
(SMA) and (c) renal artery (RA) in haemorrhaged rats. Rats were subjected
to acute haemorrhage and saline (1 mL/kg; ¢3) or CDP-choline (250 mg/kg; j)
was injected i.v. ‘0’ indicates the time at which saline or CDP-choline was
injected after haemorrhage. Blood pressure and the flow of arteries were
monitored and a 60 min period of observation is shown. The numbers given
in parentheses show the number of surviving rats where they differ from the
starting number of animals. Data are the meantSEM. Statistical analysis was
performed using two-way, mixed-design anova. The anova was not applied
after the time at which the number of animals in the saline-treated group
was less than five.

DISCUSSION

The present data show that CDP-choline given i.c.v. or i.v. restores
the blood flow of SMA and RA and increases the survival time of
haemorrhaged hypotensive rats.
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Fig.3 Survival time of animals injected cytidine 5’-diphosphocholine
(CDP-choline) i.c.v. (a) or i.v. (b) in haemorrhaged rats. Rats were hae-
morrhaged as described in the Methods and saline (10 L, i.c.v., or 1 mL/kg,
i.v.; l) or CDP-choline (1.0 (OJ), 1.5 (Z) and 2.0 pwmol (§g), i.c.v., or
250 mg/kg (), i.v.) was administered. All rats were observed until they
died and the survival time of rats was recorded. Data are the meantSEM
for six to seven rats. (a) One-way ANova with post hoc Bonferroni
t-test or (b) Student’s unpaired 7-test was used for comparisons of the
distribution of survival times between treatment groups. *P < 0.05 compared
with saline.

We have reported previously that CDP-choline injected either
way can increase blood pressure and reverse haemorrhagic
hypotension through increasing plasma adrenaline and vasopressin
levels, but not renin activity.>® The present study reports, once
more, that CDP-choline affects the cardiovascular system positively.
Intracerebroventricular or i.v. CDP-choline produced significant
increases in blood pressure and partially reversed hypotension in
haemorrhaged hypotensive rats. The pressor effect of the drug
started immediately; however, it lasted longer in i.c.v.-injected rats
than in i.v.-injected rats. These data are in agreement with our pre-
vious findings,® except for the magnitude of the pressor response
to CDP-choline. In the present study, we observed that CDP-choline,
injected i.c.v. or i.v. at doses that totally reversed hypotension in our
previous study, was not able to completely restore blood pressure.
We suggest that the state of consciousness may account for the dif-
ferences in the findings because, in the present study, we used anaes-
thetized animals in contrast with the previous study, in which
conscious animals were used.

Evidence shows that the splanchnic circulation is particularly sen-
sitive to systemic hypotension and shock conditions.'*'*!'* Under
these conditions, the systemic vasoconstricor response is dispropor-
tionately larger within the mesenteric circulation and persists in spite
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of adequate systemic resuscitation.”® The perfusion of mesenteric
organs is compromised preferentially and the negative impact of the
redistribution of blood flow away from the organs served by the
mesenteric vasculature can cause detrimental, and even lethal, con-
sequences over the long term. In the present study, we monitored
the perfusion values of the SMA because previous reports have indi-
cated that this vessel is more important than the inferior mesenteric
artery in maintaining colonic perfusion and mucosal integrity in
rats.'”'® Acute haemorrhage caused a approximate 60% decrease in
the SMA flow of rats. Injection of CDP-choline both i.c.v and i.v.
restored the decreased blood flow of the SMA and completely, but
transiently, reversed the hypoperfusion. Conversely, considerable
evidence demonstrates that renal blood flow is little affected by mild
haemorrhage but is profoundly reduced in severe blood loss. In a
previous study, it was reported that bleeding caused a 25% decrease
in blood pressure that was accompanied by a 64% decrease in renal
blood flow in dogs." In a more recent study, it was reported that
experimental haemorrhage that was severe enough to produce 40%
blood loss decreased renal blood flow by approximately 80%.% In
agreement with these results, in the present study we observed that
renal artery flow values decreased by almost 70—80% immediately
after the haemorrhage that produced an approximate 50 mmHg
decrease in arterial pressure. Cytidine 5’-diphosphocholine signifi-
cantly restored the perturbed renal blood flow. These are the first
findings showing that CDP-choline restores the flow of important
arteries during shock.

Previous studies indicated that the cardiovascular effects of CDP-
choline given i.c.v. or i.v. are mediated by the activation of the central
cholinergic system™® because: (i) brain choline levels increased
after i.c.v and i.v. injection of CDP-choline; (ii) peripherally injected
choline or cytidine, its metabolic product, failed to exert similar
cardiovascular effects; and (iii) blockade of neuronal high-affinity
choline uptake or central nicotinic receptors by appropriate pre-
treatments abolished the cardiovascular effects of both centrally
and peripherally injected CDP-choline.>® Moreover, in the present
study, the observation of incomplete shock reversal obtained fol-
lowing i.v. injection of CDP-choline at a dose much higher than
that used with i.c.v. treatment suggests the involvement of central
mechanisms in the effect of CDP-choline.

Interestingly, the restoration of SMA and RA blood flow by CDP-
choline was not strictly dependent on the level to which blood
pressure was restored. In both groups (i.e. i.c.v. and i.v. injection of
CDP-choline), CDP-choline completely restored the reduced flow
of the SMA and RA after haemorrhage, whereas it increased blood
pressure to only 50—60 mmHg (less than prehaemorrhage levels of
approximately 80 mmHg) and did not completely reverse hypo-
tension. It has been recently accepted that limited or hypotensive
resuscitation may be beneficial in haemorrhagic shock because
this strategy could avoid the detrimental effects associated with
traditional aggressive resuscitation while still maintaining a level
of tissue perfusion. In a recently published study, it was reported that,
in rats, an increase of blood pressure to 60 mmHg after resuscitation
was enough to restore both systemic and splanchnic perfusion,
whereas more aggressive resuscitation to blood pressure > 75 mmHg
produced greater blood loss and diminished the splanchnic per-
fusion.'® The present results are in accord with these previously pub-
lished data and indicate that CDP-choline may be advantageous
in the outcome of hypovolemic shock. The present data about the
survival time of rats support this hypothesis, because rats in the

control group survived only approximately 20 min after haemorrhage,
whereas CDP-choline-treated rats survived at least two- to fourfold
longer depending on the dose administered and the route of injection.

In conclusion, CDP-choline increases SMA and RA flow, together
with a partial reversal of hypotension, and prolongs the survival
time of anaesthetized rats in haemorrhagic shock.
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