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I Abstract
Introduction. Dihydroergotamine (DHE) is a derivative of an ergot alkaloid used as an antimigraine medication. Nowadays,
ergot alkaloids may still endanger the safety of humans and animals as food or medicine pollutants, but the outcomes of
long-term DHE administration on the behaviour and neurotransmission remain undescribed.
Materials and method. Adult male Wistar Albino Glaxo rats pre-treated orally with DHE for six weeks were investigated to
assess the relationship between concentration of neurotransmitters and behavioural response. The behavioural effects of the
drug administered at doses of either 30 ug/kg b.w. (group DHE30, n = 11) or 100 pg/kg b.w. per day (group DHE100, n=10)
were evaluated in the Morris Water Maze. It is known that monoaminergic neurotransmitters (serotonin, noradrenaline and
dopamine) in some brain structures (prefrontal cortex, hippocampus, striatum, cerebellum, spinal cord) play a role in the
control of cognitive and motor functions. The concentration of neurotransmitters was determined by High Performance
Liquid Chromatography (HPLC).
Results. Administration of DHE influenced neither the learning processes nor memory in rats. Nevertheless, an increased
motor activity of the DHE-administered animals was observed in both the cued and non-cued behavioural tasks. In HPLC
examination, changes in the concentration of monoaminergic neurotransmitters and their metabolites were noted in all
tested structures, except for the hippocampus.
Conclusion. DHE is able to modulate noradrenergic, serotonergic and dopaminergic neurotransmission that may support

the increase in locomotion.
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INTRODUCTION

Dihydroergotamine (DHE) is a derivative of an ergot alkaloid
- ergotamine. Excessive exposure to ergot compounds,
traditionally due to the ingestion of the alkaloids produced
by the Claviceps purpurea (fungus infecting rye and other
cereals), could result in ergotism. Nowadays, ergot alkaloids
still pose a threat to the safety of humans and animals, as
food or medicine pollutants, e.g. dihydroergotamine content
has been detected in marine biota of the Baltic Sea [1].
Dihydroergotamine is used today mainly in the treatment
of migraine pain. In its structure DHE is similar to biogenic
amines, such as noradrenaline, adrenaline, dopamine and
serotonin. As commonly used triptans, DHE activates S-HTIB
and 5-HT | receptors, also stimulating other serotonergic
(5-HT,,, 5-HT,,, 5-HT,,, 5-HT,, 5-HT,), dopaminergic
(D,, D,) and a.-adrenergic receptors [2-4]. The mechanism of
analgesic action is associated with contraction of the cranial
blood vessels that leads to decreased blood flow through the
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brain tissue, and commonly is attributed to the agonistic
effect at 5-HT | receptors [5]. It is also known that DHE
blocks activation of the trigeminal nucleus caudalis, thus
inhibiting the release of proinflammatory prostaglandins
from the glia [6]. Moreover, it causes secondary inhibition
of calcitonin gene-related peptide (CGRP), and decreases
the expression of P2X3 membrane receptors [7]. Current
indications for DHE cover mainly acute migraine
management. Although some new drugs, such as triptanes,
were introduced to therapy, dihydroergotamine still occurs
in recommendations [8-10]. There are also data supporting
the use of DHE in menstrual migraine, migraine with central
sensitization and cutaneous allodynia, medication-overuse
headache, migraine recurrence, and migrainous state [11].
Although DHE administration according to EMA [12] needs
consideration resulting from its potential toxicity (fibrosis),
it is still a good alternative for patients with a migrainous
state, migraine recurrence or chronic daily headaches that
do not respond to classical therapy.

There are also some reports on the use of ergot alkaloids
in memory disorders. The formerly occurring poisonings
with ergot alkaloids of Claviceps purpurea, that could be
manifested as mental impairment (mania or psychosis),
indicated their impact on central nervous system activity.
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One of the ergotamine derivatives tested was nicergoline,
a semisynthetic ergot derivative shown to have some
beneficial effect on cognition and behaviour in various
forms of dementia in terms of clinical global impression
[13]. Also, Saletu et al. [14] assessed the impact of nicergoline
administration on cognitive function disorders. On the
basis of the overview, the authors demonstrated that the
drug could be a safe therapeutic option for patients with
memory disorders. Although in some reports the potential
adverse effects of nicergoline are described, in particular
the occurrence of hypertension and fibrosis, they do not
seem to be a significant threat [15]. Despite the research, the
influence of dihydroergotamine on cognition and behaviour
remains unexplored.

It is known that monoaminergic neurotransmitters
(serotonin, noradrenaline and dopamine) in some brain
structures (prefrontal cortex, hippocampus, striatum,
cerebellum, spinal cord) play a role in the control of cognitive
and motor functions [16]. Although the mechanism of action
of dihydroergotamine engages monoaminergic transmission,
there is no available data about how DHE may affect the
behaviour of rodents. Considering the lack of proper
research, the authors of the current study decided to discover
whether long-term administration of DHE is able to affect
the behaviour of rats in a water maze.

DHE as an oral solution is absorbed from the gastro-
intestinal tract but its bioavailability is rather modest [17].
The efficacy of the drug seems to be independent of its blood
plasma level due to prolonged diffusion from the receptor
biophase. DHE can pass the blood-brain barrier - a certain
amount was detected in cerebrospinal fluid [18]. Goadsby et al.
[19] determined the distribution of *H-dihydroergotamine in
the central nervous system of cats. The highest drug binding
density was observed in the mesencephalon, in particular in
the area of the dorsal raphe nucleus and, to a lesser extent,
in the area of the brain stem, spinal cord and grey matter of
the cerebral cortex. As there are also clinical observations
indicating the effectiveness of long-term, orally administered
DHE in the prevention of migraine [20,21], it is therefore
possible that administration of DHE per os may affect the
activity of the central nervous system. It is hypothesized that
the drug given to 3-month-old rats could change the level
of biogenic amines and their metabolites in the structures
of CNS responsible for learning, memory and motor
functions. Such knowledge could be important for patients
with migraine attacks who often use DHE preparations, as
well as elucidating the effects of environmental exposure to
ergot alkaloids.

MATERIALS AND METHOD

Animals and dihydroergotamine treatment. 3-month
old, male Wistar Albino Glaxo rats weighing 250-300 g
(n=31) were used in the study. The animals received orally
a solution of DHE (Dihydroergotamine tartrate, Fluka).
The rats were randomly assigned to experimental groups
receiving DHE solution at a daily intake of 30 ug/kg b.w.
(DHE30, n=11) or 100 pg/kg bw. (DHE100, n=10) [22].
Control animals (Con, n=10) received tap water ad libitum.
To estimate precisely the concentration of administered
solutions, the daily consumption of liquids during the study
was carefully monitored and their volume evaluated each

day. Continuous assessment allowed for an average daily
intake of DHE at the dose of 30£1 pg/kg b.w. in DHE30 and
100£2 pg/kg b.w. in DHE100 group, respectively. The body
weight was checked each week and allowed for adjustment
of the dihydroergotamine dose. Animals were housed 2
per cage in a room with a 12 h dark-light cycle, constant
temperature of 24-26°C and humidity at about 60% [23].
The rats received standard chow (Labofeed, Kcynia, Poland).
After 6 weeks of the treatment the rats were tested in the water
maze. The administration of DHE was continued during
behavioural tests.

After receiving the approval of the Ethical Committee for
Animal Experiments at the Medical University of Warsaw. all
animal procedures were carried out according to Directive
2010/63EU of the European Parliament and of the Council
of 22 September 2010 on the protection of animals used for
scientific purposes,

Behavioural tests. To evaluate the effect of DHE on behavior,
all rats were tested using the Morris water maze [24]. The rats
were trained to find an underwater platform (10 cm x 10 cm)
in a circular white swimming pool (diameter - 150 cm, depth
- 50 cm) filled with water at the temperarture of 23 °C. The
experiment was performed in a testing room which contained
many cues enabling spatial navigation. The swimming pool
was divided into 4 quadrants — South-East (SE), South-West
(SW), North-East (NE) and North-West (NW), according
to the experimental procedure. A plexiglass platform which
was not visible to the animal, located in the center of the SE
quadrant, was placed 1 cm below the surface of the water.
During acquisition (day 1-4, trial 1-16), the animals learned
the location of the underwater platform while performing
4 training sessions in which in each repetition the starting
position was changed. Each training session began by placing
aratin the pool and ended when the rat reached the platform.
The time limit in the trial was 60 s, and the animals which
were unable to reach the goal were placed on the platform
for 15 s by the experimenter. On the fifth day (probe trial,
trial 17), when spatial memory was evaluated, the rats were
allowed to swim for 60 s to search for the platform that had
been removed before the test.

After 2 days, the experiment was resumed and the rats
were given repeated training (day 8, trials 18-21). On the
next day (Day 9, trials 22-25), the platform was moved to
the opposite quadrant (NW) and animals were trained to
find the new location. On day 10 (reverse probe, trial 26), the
platform was removed from the pool and the second probe
test was conducted.

On the following day 11 (trial 27-30), the platform was
placed 2 cm above water level and was visible to the rats.
The location of the platform was sequentially changed in a
pseudorandom manner between the SE, NE, NW and SW
quadrants.

Data on animal navigation, escape latency, path and
swimming speed were recorded by an image analyzing
system (Chromotrack, San Diego Instruments, USA) and
videotaping.

Biochemical procedures - Monoamines. The concentration
of dopamine (DA), its metabolites 3,4-dihydroxyphenylacetic
acid (DOPAC) and 3-methoxytyramine (3-MT);
5-hydroxytryptamine (5-HT); 5-hydroxyindolacetic
acid (5-HIAA); noradrenaline (NA), 3-methoxy-4-
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hydroxyphenylglycol (MHPG) and homovanilic acid (HVA),
were determined using the HPLC method according to
the protocols described in detail in previously published
articles [25]. 24 hours after the behavioural tests, the rats
were decapitated, their brains removed, after which the
hippocampus, prefrontal cortex, striatum, cerebellum,
medulla oblongata and spinal cord were completely
dissected to assess their role in the modulation of cognitive
and locomotor processes [16]. The tissues were weighed,
frozen and stored at —-80°C for further quantifying the
neurotransmitters. Homogenates (in 0.1 N perchloric acid)
were centrifuged (13,000 x g, 15 min., 4°C) and the filtered
supernatant was injected into the HPLC with electrochemical
detection (L-3500 A detector; Merck). Monoamines were
separated on a C-18 column (Nucleosil, Macherey-Nagel,
Germany) at the mobile phase flow rate of 0.8 ml/min.
with the electrochemical potential set at + 0.8 V vs. an Ag/
AgCl reference electrode. Neurotransmitters content was
calculated as ng/g of fresh tissue by comparison with standard
solutions of a known concentration, and analyzed by the
computerized data acquisition system Clarity (DataApex,
Czech Republic). All standards were purchased from Sigma-
Aldrich (St. Louis, USA).

Statistical analysis. Statistical analysis was carried
out using Statistica v.10 software (Statsoft, PL). The data
were checked for its distribution using Shapiro-Wilk and
Kolmogorov-Smirnov tests. Repeated measures analysis of
variance ANOVA was used for behavioural analysis in the
phase of learning and in the visible platform examination.
Group differences in other water maze procedures and in
biochemical analysis were assessed by one-way ANOVA.
Significant behavioural and biochemical eftects of DHE
were indicated by post-hoc analyses (Newman-Keuls, NK)
to determine specific differences. Cohen’s d was used to
calculate effect size categories (>0.2 - small, >0.5 - medium,
and > 0.8 - large effect size) [26]. All values were expressed
as mean + SE with p<0.05 considered statistically significant.

RESULTS

Behavioural results - Days 1-4: Learning. During the
first 4 days of the experiment, the repeated measures
ANOVA showed statistically significant differences in the
speed of swimming of the tested rats (F, ,, =4.61; p=0.018).
Groups of DHE-treated animals (DHE30=0.29+0.0 m/s;
DHE100=0.28+0.01 m/s) were swimming faster than the rats
from the control group (Con=0.26+0.01 m/s), but statistically
significant differences were noted between DHE30 group and
Con group (p=0.015; Newman Keuls, NK) (Fig. 1A).

There were no significant differences both in escape
latency (F( 25=0.58; p=0.58) and path length (F (225 =0-405
p=0.67) towards the hidden platform. Both groups ‘of rats
had similar results in terms of time (Con=20.86+1.46s,
DHE30=19.75+1.35s, DHE100=21.76+1.45s) and
path length (Con=5.24+0.37m; DHE30=5.35+0.35m;
DHE100=5.66+0.37 m) required to find the platform.

Day 5 - First Memory Probe Trial. On day 5 of the experiment,
analysis of variance did not show a significant difference
in the crossing over from the previous position of the
platform in SE quadrant (F, __=0.22; p=0.81) (Con=5.4%1.15,
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Figure 1. Effect of long-term oral administration of dihydroergotamine to adult
Wistar male rats on swimming speed (m/s) during the learning phase (days 1-4;
A), both memory probe trials (days 5 and 10; B and E), repeated training (day 8; C),
reversal training (day 9; D) and visible platform examination (F).

* DHE30, DHE100 vs Con (p<0.05; NK);
** DHE30, DHE100 vs Con (p<0.01; NK).

DHE30=5.27+1.25, DHE100=4.4+1.05) (Fig. 2A). There were
also no statistically significant differences in the time spent
in the SE quadrant (F ,5=0-09; p=0.92 (Con=23.92+2.76 s;
DHE30=25.25£2.65 s, DHEIOO =24.05+2.03 s) (Fig. 2B), but
not in the swimming speed (F, , =6.34; p=0.005). During the
probe trial, the treated groups of rats were swimming faster
in comparison to the control group (Con=0.28+0.01m/s,
DHE30=0.33+0.01m/s, DHE100=0.31+0.01m/s) (Fig. 1B).

Day 8 - Repeated Training. On day 8, after a 2-day break,
the hidden platform was placed again in the SE quadrant.
After 4 trials, ANOVA indicated differences in the swimming
speed in the groups of studied animals (F , , =4.43; p=0.021).
The control group was the slowest (Con 0.26+0.01 m/s)
compared to those treated with DHE (DHE30=0.29£0.01m/s;
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Figure 2. Effect of long-term oral administration of dihydroergotamine to adult
Wistar male rats on crossings number (mean+SE) (A) and time spentin quadrants
(s) (B) during first memory probe trial (day 5)
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Figure 3. Effect of long-term oral administration of dihydroergotamine to adult
Wistar male rats on crossings number (mean=+SE) (A) and time spent in quadrants
(s) (B) during second memory probe trial (day 10)

DHE100=0.32+0.01m/s) (Fig. 1C). No statistically significant
differences were noted either in escape latency (F,, ,,=1.08;
p=0.35) or in the path length (F,, =1.03; p=0. 37) to the
platform. A small effect in size was observed for latency in

the DHE100 group (Cohen’s d=0.3) with reference to Con.

Day 9 - Reversal Training. On day 9, the platform was
placed in a new position in the NW quadrant. Significant
differences were still noted, but only in the swimming speed
(F, ,5=3.86; p=0.03). Post hoc analysis showed that this was
statistically increased in rats that were given both doses
of DHE, compared to the control group (DHE30 vs. Con,
p=0.039; NK; DHE100 vs. Con, p=0.037) (Fig. 1D). ANOVA
did not show differences in escape latency (F,, =2.09;
p=0.14) or path length (F, , =0.5; p=0.61) required to find
the new position of the platt)orm Cohen’s d values showed
small size effect for latency in DHE30 (d=0.38) and DHE100
(d=0.21) with reference to Con.

Day 10 - Second Memory Probe Trial. On day 10 of the
experiment, the number of crossings the rats swam over the
previous position of the platform in SE quadrant, as well as
over the new one in NW quadrant, was registered. There were
no statistically significant differences in that number, either
over the old position (F,, =0.59; p=0.56; Con=2.8+0.53;

DHE30=3.45+0.62; DHE100=3.6+0.45) or new position
(F 25=0-26; p=0.77; Con=2.6+0.63; DHE30=2.9+0.41;

DHE100=3.3:0. 91) of the platform (Fig. 3A). The number
of crossings over the old platform position (SE) was the
smallest in the control rats, and Cohen’s d value showed
small effect size for the DHE30 group (d=0.18), as well as
medium effect size for DHE100 (d=0.54), compared to
controls. Also, the number of crossings over to the new
platform position (NW) was the smallest in the Con, and
Cohen’s d value showed small effect size for the DHE100
(d=0.29) group. Moreover, there were no differences in time
spent in the SE (F“S) 0.56; p=0.58) and NW (F(2 29=0-81;

p=0.45) quadrants (Fig. 3B). Swimming speed of the rats
differed significantly (F, , =6.64; p=0.004). Both groups of
treated rats were swam much faster in comparison to the
control group (Con=0.28+0.01 m/s, DHE30=0.31+0.01 m/s,

DHE100=0.31+0.01 m/s) (DHE30 vs. Con, p=0.004, NK;
DHEI100 vs. Con, p=0.0087, NK) (Fig. 1E).

Day 11 - Visible Platform Test. On day 11, the visible platform
was placed above the water level in the 4 quadrants of the
pool. The swimming speed of the animals varied significantly
(F, ,5=3.83; p=0.033). The control group was the slowest
when compared to the DHE100 group (Con=0.30+0.02 m/s,
DHE30=0.33+£0.01 m/s, DHE100=0.35+£0.01 m/s; p=0.03;
NK)(Fig. 1F). Escape latency (F , , =1.55; p=0.23) and path

(2,28)

mCon  DHE30 DHE100|

HIIA/5-HT Ratio
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Figure 4. Effect of long-term oral administration of dihydroergotamine to adult
Wistar male rats on 5-hydroxytryptamine turnover in selected brain regions
(P. Cortex- Prefrontal cortex, M. oblongata - Medulla oblongata, S. cord - Spinal
cord)

*DIH3, DIH10 vs Con (p<0.05; NK);

** DIH3, DIH10 vs Con (p<0.01; NK)

*** DIH3, DIH10 vs Con (p<0.001; NK)

length (F (228
in all groups.

=0.25; p=0.78) to find the platform were similar

Biochemical results - monoamines concentration in
selected brain regions. The concentration of monoamines,
their metabolites, as well as metabolite turnover calculated
as the HVA/DA, DOPAC/DA, 5-HIAA/5-HT, MHPG/NA
and 3MT/DA ratios in chosen structures of the brain, are
presented in Tables 1 and 2.

Noradrenaline and metabolites. ANOVA analysis
demonstrated significant differences between the control
group and the DHE-administered groups of rats in
noradrenaline content, both in the prefrontal cortex - PFC
(F (2.29=12-29; p=0. 00015) and spinal cord (F (2251154
p= i} 00022). Post hoc analysis showed increased leveis of NA
in the PFC (DHE100 vs. Con, p=0.00033; DHE100 vs. DHE30,
p=0.00057,NK) and spinal cord (DHE100 vs. Con, p=0.00033;
DHEI100 vs. DHE30, p=0.0013). There were no significant
differences in the concentrations of noradrenaline in the
hippocampus (F, ,,=0.93; p=0.41), striatum (F, , =0.23;
p=0.8), cerebellum (F  =2.04; p=0.15) or medulla obfongata
(E, ,,=1.14; p=0.34).

MHPG concentration in the striatum (F,, 25=25.40;
p=0.00000051), cerebellum (F,, , =5.95; p=0. 007) and spinal
cord (F,, =4.12, p=0.027) was significantly different in
the studied groups. In the striatum, the highest level of
MHPG was noted in the group that was given the lowest
dose of DHE, compared to the other groups. Similarly, in
the cerebellum in the DHE100 group there was the lowest
concentration of MHPG, which was statistically different
from the control group and the DHE30 group. The highest
concentration of MHPG was noted in the spinal cord of the
DHE100 group. There were no significant differences in the
concentration of MHPG in the hippocampus (F, ,,=0.07:
p=0.94), prefrontal cortex (F , , =0.75; p=0.48) and medulla
oblongata (F, 15=178, p=0. 19).

The noradrenaline metabolite turnover (MHPG/NA)
showed differences in the cerebellum (F(2 15=0-11; p=0. 006)
but not in the other regions of the brain (hippocampus:
F,,,=0.12, p=0.88; PFC: F  =0.33, p=0.72; striatum:
F_  =2.78, p=0.079; medulla oblongata: F__ =1.71, p=0.2;

(2,28)
splnal cord F,  =1.23, p=0.31).

(2,28)

(2,28)
(2,28)
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Table 1. Effect of long-term oral administration of dihydroergotamine on monoamine and metabolite levels (mean+SE) in selected brain regions in
adult male rats (Con, n=10; DHE30, n=11; DHE100, n=10)

Monoamine and

Brain regions

metabolite concentrations  Group
(ng/g + SE) Hippocampus Prefrontal cortex Striatum Cerebellum Medulla oblongata Spinal cord
CON 659.24+72.49 454.38+12.01 301.18+36.36 357.33+£10.63 835.23+14.48 282.19+16.47
NA DHE30 712.32+42.86 466.41+10.16 260.27+46.13 385.51+9.21 869.29+20.09 302.45+13.78
DHE100 763.85+40.25 539.23+16.37""## 281.69+45.23 370.83+10.09 837.89+18.51 374.61+11.66"*
CON 1.78+0.64 10.13+1.30 19.15+1.31 12.16+1.15 10.72+1.03 1.83+0.27
MHPG DHE30 1.65+0.54 12.47+1.76 41.05+£2.99™ 11.54+0.60 10.52+0.69 2.22+0.23
DHE100 1.52+0.20 13.20+2.28 24.67+2.03%* 8.35+0.65™ 8.761+0.63 3.15+0.45"
CON 80.42+46.81 47.71£4.15 3041.56+736.93 6.01+0.89 51.01+£0.65 26.71+1.83
DA DHE30 22.60+6.87 42.42+23.02 5412.12+10.36 6.99+0.40 55.97+1.35" 29.30+1.86
DHE100 15.57+1.23 40.885+2.24 7358.40+563.37" 6.75+0.52 52.94+0.87* 33.57+1.41"
CON 52.91+20.46 32.76+2.36 1041.91+£256.28 9.49+0.72 33.48+1.34 13.59+1.01
DOPAC DHE30 31.77£5.59 30.62+2.58 1146.42+244.77 11.48+0.85 38.49+2.23" 12.71+1.08
DIH100 24.95+1.59 27.65+2.08 768.69+159.14 9.30+0.65 31.38+0.74* 13.34+0.94
Con 14.21+£6.92 14.35+1.58 4.26+0.61 4.71+0.31 15.86+0.73 4.26+0.61
HVA DHE30 6.13+£1.29 13.4314.49 4.04+0.35 5.58+0.36 15.75+0.55 4.04+0.35
DIH100 435+1.04 10.67+1.58 5.64+0.521 3.66+£0.21"#* 13.43+£0.41°* 5.64+0.52
CON 144.44+38.97
3MT DHE30 n/d n/d 207.71+41.69 n/d n/d n/d
DIH100 189.43+40.22
CON 370.97+83.43 429.84+20.06 324.63+26.93 55.78+7.44 646.23+£12.07 271.85+16.55
5-HT DHE30 367.19+£30.12 451.11+£21.92 432.17+17.96" 68.39+3.55 675.82+£10.93 296.83+13.42
DHE100 361.22+42.18 518.13+31.27° 420.97+33.99" 67.10+3.95 686.03+12.04 375.70+11.557"##
CON 659.00+118.62 509.01+18.66 405.30+£25.14 105.54+6.51 456.94+6.87 241.63+£13.69
5-HIAA DHE30 590.22+29.22 470.46+23.02 422.73+25.35 104.56+4.15 453.51+14.02 212.37+£10.77
DHE100 508.77+£19.62 379.83+21.54™"# 375.73+18.54 90.70+3.82 405.32+10.54"#* 221.86+8.10

Statistically significant differences (p < 0.05) are presented in a bold font.
n/d - not detectable, NK - Newman-Keuls
* DHE30, DHE100 vs CON, p<0.05 (NK)

** DHE30, DHE100 vs CON, p<0.01 (NK)
*** DHE30, DHE100 vs CON, p<0.001 (NK)

# DHE30 vs DHE100, p<0.05 (NK)
# DHE30 vs DHE100, p<0.01 (NK)
### DHE30 vs DHE100, p<0.001 (NK)

Table 2. Effect of long-term oral administration of dihydroergotamine on metabolite turnover in selected brain regions in adult male rats (Con,

n=10; DHE30, n=11; DHE100, n=10)

Metabolite Brain regions
Group
turnover Hippocampus Prefrontal cortex Striatum Cerebellum Medulla oblongata Spinal cord
CON 0.29+0.03 0.31+0.03 0.14+0.04 0.85+0.07 0.31+0.01 0.16+0.02
HVA/DA DHE30 0.32+0.06 0.35+0.06 0.13+0.05 0.82+0.07 0.28+0.01 0.14£0.01
DHE100 0.29+0.07 0.26+0.04 0.06+0.01 0.56+0.03"# 0.25+0.01" 0.17+0.01
CON 1.35+£0.17 0.71+0.04 0.44+0.16 1.68+0.11 0.66+0.03 0.51+0.03
DOPAC/DA DHE30 1.7£0.15 0.74+0.04 0.26+0.07 1.65+0.10 0.69+0.04 0.44+0.02"
DHE100 1.66+0.13 0.68+0.04 0.10+0.02 1.40+0.07 0.59+0.01 0.39+0.02"
CON 1.93+£0.14 1.20+0.04 1.30+£0.11 2.02+0.14 0.71+0.02 0.90+0.03
HIIA/5-HT DHE30 1.67+0.10 1.05+0.04" 0.98+0.05™ 1.56+0.08™ 0.67+0.02 0.72+0.02"
DHE100 1.53+£0.14 0.74+0.03""###* 0.93+0.06™ 1.36+0.03™ 0.59+0.071""## 0.60+0.03""#*
CON 0.002+0.001 0.02+0.003 0.09+0.03 0.03+0.003 0.01+0.001 0.01+0.001
MHPG/NA DHE30 0.003£0.001 0.03+0.004 0.27+0.09 0.03+0.001 0.01+0.001 0.01+0.001
DHE100 0.002+0.001 0.02+0.004 0.12+0.03 0.02+0.002™# 0.01+0.001 0.01+0.001
CON 0.06+0.02
3MT/DA DHE30 n/d n/d 0.06+0.03 n/d n/d n/d
DHE100 0.03+0.004
Statistically significant differences (p < 0.05) are presented in a bold font.
n/d - not detectable, NK - Newman-Keuls
* DHE30, DHE100 vs CON, p<0.05 (NK) # DHE30 vs DHE100, p<0.05 (NK)
** DHE30, DHE100 vs CON, p<0.01 (NK) # DHE30 vs DHE100, p<0.01 (NK)
*** DHE30, DHE100 vs CON, p<0.001 (NK) ## DHE30 vs DHE100, p<0.001 (NK)
Dopamine and metabolites. Significant differences in DA HVA (F (025 =3-00; p=0. 07)and 3-MT (F 225 =0-65 p= 0.53), nor
levels were noted in the striatum of the studied groups of rats ~ in the HVA/DA (F,, =1.27;p=0.3),D PAC/ DA (F =2.82;

(F

125=0-69, p=0.004). Post hoc analysis showed the highest
values of DA in the DHE100 group, which was significantly
different from the control group. No differences were noted
in the concentrations of striatal DOPAC (F(2’28)=0.74; p=0.48),

(2,28)

p=0.08) ratio values.
In the cerebellum, visible differences were noted in the

levels of HVA (F

(2,28)

(2,28)

=9.99, p=0.00053) and HVA/DA ratio

(F, ,5=7-51, p=0. 002) Post hoc analysis showed the lowest
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concentration of HVA and HVA/DA ratio in the cerebellum of
the rats from the DHE100 group; the results were significantly
different from the other groups. No significant differences
were noted in the cerebellum in the level of DA (F(2 15=0-66,

p=0.53), DOPAC (F , , =2.64,p=0.09) and DOPAC/DA ratio
(E, ,=2.5, p=0.1).

In the medulla oblongata, there were significant differences
in the concentrations of DA (F , , =5.99; p=0.0067), DOPAC
(F, ,, =521 p=0.011), HVA (F,, .. =5.52; p=0.0095), and HVA/
DA rat1o (F, ,5=7-28; p=0. 0028) between the studied groups
of rats. The concentration of dopamine and DOPAC was the
highest in the group that was given a lower dose of DHE, and
was statistically significant in comparison to other groups
of animals (DA: DHE30 vs. Con, p=0.006, NK; DHE30 vs.
DHE100; p=0.047, NK). On the other hand, the HVA/DA
ratio in group DHEI00 was the lowest and was different
compared to the control group (p=0.002, NK). ANOVA
analysis did not demonstrate significant differences between
the studied groups with regard to the DOPAC/DA ratio in
the medulla oblongata (F, , =3.03; p=0.0064), although a
tendency was noted for this atio to have lower values in the
DHE100 group compared to other groups.

In the spinal cord, significant differences were noted in
the level of DA (F 225=39 p=0.032) and DOPAC/DA ratio
(F, ,5=6.73, p=0.004). DA content was higher in the groups
that were given DHE, and the difference was noted between
DHE100 group and Con group (p=0.023; NK). There were
no differences in the spinal cord in the levels of DOPAC
(F,,,y=0.2; p 0.82), HVA (F,,, =3.00, p=0.07) or the HVA/
DA ratio (F, ,,=1.6; p=0.22).

Nelther in the hippocampus (HIP) nor in the prefrontal
cortex (PFC) were there any significant differences in the
levels of dopamine (HIP:F, , =1.77; p=0.19; PFC: F , , =0.86;

=0.44), the metabolites - DéPAC (HIP:F, 28)—1 45 p 0.25;
PEC. F,,,,=11; p=0.34) and HVA (HIP: F,, =1.7; p=0.2;
PFC: F,, =1.2; p=0. 32), as well as DOPAC/DA (HIP:
F,y=1 58 p=0.22; PFC: F, , =0.63; p=0.54) and HVA/DA
(HIP: F___=0.12; p=0.88; PFC: F__ =0.86; p=0.43) ratio
values.

(2,28)

(2,28)

(2,28) (2,28)

5-hydroxytryptamine and metabolites. There was an
increase in the 5-HT content in the prefrontal cortex
(F(2 29=3-37; p= 0.048), striatum (F 25=4-88; p= 0.0015) and
spinal cord (F (025 =14.64; p=0. 000044) in the DHE-treated
groups. Differences in the concentration of 5-HIAA were
noted in the prefrontal cortex (F 2.25=2-40; p=0. 00075) and
medulla oblongata (F (2.25=0-58; p=0. 004). In rats that were
given treatment, a decrease was observed in the levels of
5-HIAA cortical concentration (DHE30=470.46+23.02 ng/g;
DHE100= 379.83+21.547 ng/g), compared to the control
group (Con=509.01+18.66 ng/g).

In the medulla oblongata, the lowest 5-HIA A concentration
was observed in the DHE100 group (405.32+10.54 ng/g),
which was significantly different from other groups of rats
(Con: 456.94+6.87 ng/g; DHE30: 453.51+14.02 ng/g).

Serotonin concentrations in the hippocampus (F,, ,, =0.008;
p=0.99), cerebellum (F228 =1.77; p=0.20) anéi medulla
oblongata (F,, =3.06; p= 006) were not significantly
different between the studied groups. Furthermore,
no significant differences in the level of 5-HIAA in the
hippocampus (F, , =1.14; p=0.34), striatum (F, , =1.04;
p=0.37), cerebellum (F,, =2.78; p=0.079) and the spinal
cord (F, , =1.82; p=0.18) were registered.

(2,28)

The 5-HIAA/5-HT ratio was different among groups in
the prefrontal cortex (F , ,, =37.85; p=0.000000011), striatum
(F, ., =69 p=0.0036), cerebellum (F,, , ~13.35; p=0.000085),
medulla oblongata (F, ,=15.74; p= 0. 00003) and the spinal
cord (F,,,=34.12; p= 0 000000031) (Fig. 4). In all brain
regions, metabolite turnover was highest in the control
group of rats, compared to treated animals. There were no
differences in the 5-HIAA/5-HT ratio in the hippocampus
(F, . =2.43; p=0.11).

(2,28)

DISCUSSION

The mechanism of action of dihydroergotamine suggests
that it may cause some neurotransmission and changes in
behaviour, but no research on adult rodents focused on the
behavioural consequences of long-term DHE administration
has been described to-date. In the water maze test in the
current study, it was noticed that long-term administration
of dihydroergotamine to adult male rats was related to a
higher swimming speed in the animals, both in the spatial
and in the non-spatial version of the behavioural trials. An
increase in the swimming velocity was observed during
the learning phase (days 1-4, Fig.1A), both memory probe
trials (days 5 and 10, Fig.1B and 1E), repeated training
(day 8, Fig.1C), reversal training (day 9, Fig.1D) and visible
platform examination (Fig. 1F). Swimming speed in the
water maze may be affected by non-cognitive factors, such
as motivation (escape from water) and locomotor abilities
(swimming skills) of the rat [27]. The trial using a cued target
in the water maze test was performed to determine if the
substance examined in the study resulted in gross alterations
of visual acuity that might confound the interpretation of
data that depend on the use of proximal or distal visual
cues. This test also allows for the estimation of motor and
motivational aspects of animal behaviour [28]. Since both
the mean path and escape latency to the visible platform
were similar in all animals, it is believed that their visual
and also basic motor abilities were intact. Regardless of the
above, the DHE-administered animals were not motorically
and/or motivationally equivalent with the controls, and
showed an increased activity expressed by a higher velocity
in swimming.

As the swimming speed of the rats was affected during the
visible platform test, it may be assumed that in the present
experiment motor effects were sufficient to influence the
performance of the non-cued spatial water maze tasks.
Despite the fact that higher speed of swimming of animals
could contribute to the decreased values of mean escape
latency to the platform, DHE-administered rats actually
did not present the differences in cognitive ability when
compared to controls. The phase of learning in the water
maze (days 1-4) was the same in all animals, with similar
values of mean escape latency. The results of probe trials,
both on days 5 and 10 of the study showed no statistically
significant differences in spatial memory in all tested groups
of rats, regarding either the number of crossings over the
position of the platform that had been previously placed in
the SE/NW quadrants (Fig. 2A, Fig. 3A), or time spent in the
particular sectors of the maze (Fig. 2B, Fig. 3B). Nevertheless,
in the second memory test a tendency was noticed to improve
memory with medium size effect (Cohen d>0.5) in DHE100
rats in terms of the number of crossings made over to the
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former platform position, as well as with small size effect
(Cohen d<0.5) over the new one.

In the vertebrate brain, monoamines mediate a variety
of CNS functions as cognition, memory processing and
motor control [16, 29]. In the biochemical analysis in the
current study, the changes were investigated in the level of
monoamines and their metabolites in the selected areas of
the brain responsible for these functions. Key structures
for the initiation and execution of locomotion comprise
the supraspinal controlling networks, i.e. mesencephalic
locomotor region (MLR) that plays a prominent role in
the modulation of the speed of locomotor movements,
and receives an input from motor cortex, diencephalic,
limbic and basal ganglia, as well basic controlling networks
located in the spinal cord (central pattern generator - CPG)
[30, 31].

In the current study, some changes were observed in the
level of monoamines and their metabolites — generally a dose-
dependent increase in the concentration of monoamines
in the prefrontal cortex, striatum, medulla oblongata and
spinal cord, whereas in the hippocampus, monoaminergic
transmission was not affected (Tab. 1).

The prefrontal cortex (PFC) contributes to motor control
in rodents. Several research data have described the elevated
content of dopamine [32, 33], serotonin [34] and noradrenaline
[35] in the PFC of hyperlocomotive methamphetamine-
treated rats. The current study has demonstrated a dose-
dependent increase in the levels of prefrontal serotonin
and noradrenaline (significant in DHE100 rats), while the
dopamine content was not affected. The concentration of
5-HIAA (5-HT metabolite) decreased, whereas the MHPG
level remained unchanged. It is possible that potentiated
serotonergic and noradrenergic transmission in the PFC
of DHE-treated rats may add to their increased locomotor
activity observed in the water maze.

The mesolimbic dopamine system plays an important role
in motivated behaviours, such as locomotion or learning,
and is regarded as a component of the motor and reward
systems [16,36]. Dopaminergic neurons innervate striatum
and increase the exploratory behaviour of rodents, whereas
the other monoamines - serotonin and noradrenaline - have
amore complicated influence on the subcortical locomotion-
controlling systems. This effect is described as non-linear and
dependent on secondary effects on other neurotransmitter
systems, e.g. the dopaminergic system [37, 38]. In the current
study, the striatal dopamine level increased along with a dose
of the DHE used (and was statistically relevant in DHE100
rats), while elevated content of serotonin was visible in all
DHE-treated rats. Noradrenaline content was not affected,
whereas the MHPG level was attenuated. These results are
consistent with other studies linking hyperlocomotion and
behavioural motivation with increased striatal dopaminergic
activity [29, 39]. They may also support the tendency to
improve memory observed on day 10 in the water maze test.

In the hippocampus, the main structure involved in
memory processes [29], no differences were observed in
the biochemical analysis in the level of monoaminergic
neurotransmitters between the groups of animals.
Hippocampal monoamines, in general, support spatial
learning processes [16]. Wang et al. [40] showed that the
extracellular concentration of dopamine in the hippocampus
is increased during spatial learning processes, and activates
D, receptors. It has also been reported that noradrenergic

and dopaminergic signaling play a role in the novelty-related
modulation of hippocampal memory [41, 42]. Increased
serotonin content in the hippocampus usually improves
spatial memory tasks; however, taking into account the
complex response of 5-HT hippocampal receptors, research so
far has produced inconsistent results [43]. Lack of differences
in monoamine content in the hippocampus of DHE-treated
rats versus controls may be compatible with small changes
in the learning and spatial memory processes of the rats
evaluated in the water maze in the presented study.

The mesencephalic locomotor region relays the motor
responses via lateral paragigantocellular nucleus in the
medulla oblongata to effector circuits in the spinal cord [44]. To
the neurotransmitters in descending pathways that influence
the spinal locomotor CPG belong, inter alia, serotonin,
noradrenaline and dopamine [45]. In the current study,
increased dopaminergic activity in the DHE-administered
rats was noticed, both in the medulla oblongata and in the
spinal cord, but serotonergic and noradrenergic transmission
was enhanced only in the latter (Tab. 1). Dysregulation of
monoaminergic neurotransmission in the spinal cord is able
to affect locomotor functions. Catecholamines promote the
activity of the networks that generate locomotion, and the
spinal serotonergic system contributes both to induce and
modulate locomotor behaviour [46]. Noradrenaline released
by sympathetic nerve fibres and noradrenergic nuclei support
the activation and control of spinal motor output. Swann
et al. [47] demonstrated that the administration of quipazine,
a serotonin receptor agonist, improved movement and body
posture in independently moving newborn rat. Stawinska
et al. [48] also showed that the administration of serotonin
receptor agonists increases the agility of the hind limbs in
rats with paraplegia of the hind limbs. It was thought that
serotonergic neurons located in the spinal cord could initiate
locomotor activity. The activation of serotonergic receptors
can restore locomotor movement after damage to the spinal
cord [49]. In view of such findings, the authors of this
study suspect that the activation of spinal monoaminergic
neurotransmission by DHE encourages the increased motor
activity of animals, as observed in the study.

A generally decreased catabolic rate of monoamines,
especially in the case of serotonin (Tab. 2, Fig. 4) was
observed in the presented study. As the contents of
metabolites were usually decreased (or unchanged) and
the content of monoamines increased (or unchanged, the
lowered DOPAC/DA, HVA/DA and 5-HIAA/5-HT ratios
might reflect attenuated activity of monoaminooxidases
(MAO) that contribute to the metabolism of monoamines
[50]. Villégier et al. [51] showed a locomotor response in
rodents treated with MAO inhibitors. This suggest that a
stimulating impact of DHE on monoaminergic transmission
via monoaminooxidase inhibition is possible.

CONCLUSION

The aim of this study was to provide a behavioural and
biochemical analysis of the effects of long-term oral
administration of dihydroergotamine in adult rats. The
findings indicate that DHE administration has an impact
on locomotor activity of the animals, perhaps by stimulating
monoaminergic neurotransmission in the areas of the CNS
related to locomotion control, especially in the striatum and in
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e spinal cord. Furthermore, DHE treatment may be linked

with the tendency to improve the cognitive performance of

th

e rats in the water maze. The results obtained provide a

better insight into the consequences of long-term usage of

di

hydroergotamine in rodents.
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