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Abstract

Flinders Sensitive Line (FSL) rat is as an animal model of depression with altered parameters of
the serotonergic (5-HT) system function (5-HT synthesis rates, tissue concentrations, release,
receptor density and affinity), as well as an altered sensitivity of these parameters to different 5-
HT based antidepressants. The effects of acute and chronic treatments with the 5-HTg agonist,
CP-94253 on 5-HT synthesis, in the FSL rats and the Flinders Resistant Line (FRL) controls were
measured using a-[1*C]methyl-L-tryptophan (a-MTrp) autoradiography. CP-94253 (5 mg/kg), or
an adequate volume of saline, was injected i.p. as a single dose in the acute experiment or
delivered via the subcutaneously implanted osmotic minipump (5 mg/kg/day for 14 days) in the
chronic experiment. The acute treatment with CP-94253 significantly decreased the 5-HT
synthesis in both the FRL and FSL rats, with a more widespread effect in the FRL rats. Chronic
treatment with CP-94253 significantly decreased 5-HT synthesis in the FRL rats, while 5-HT
synthesis in the FSL rats was significantly increased throughout the brain. In both the acute and
chronic experiment, the FRL rats had higher brain 5-HT synthesis rates, relative to the FSL rats.

The shift in the direction of the treatment effect from acute to chronic, using the 5-HT4g agonist,
CP-94253, on 5-HT synthesis in the FSL model of depression, with an opposite effect on the
control FRL rats, suggests the differential adaptation of the 5-HT system in the FSL and FRL rats
to chronic stimulation of 5-HT;g receptors.
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1. Introduction

The Flinders Sensitive Line (FSL) of rats was selectively bred from the Sprague-Dawley
(SPD) strain for their supersensitivity to the hypothermic action of the anticholinesterase
agent, diisopropy! fluorophosphate (DFP) [33,34]. The Flinders Resistant Line (FRL) of rats
was selectively bred from the same background strain as the FSL rats (SPD), for their
decreased sensitivity to the hypothermic effects of DFP, and represent the most used control
strain in research on FSL rats (reviewed by Overstreet [33]). The concomitant findings of the
cholinergic supersensitivity in a subset of depressed humans led to the postulation of the
cholinergic theory of depression and motivated the research on FSL rats as a possible model
of depression [17].

FSL rats exhibit face validity (phenomenological similarity with the symptoms of depression
in humans) by showing lower activity in the open field [7] and forced swim tests [12,24]
(resembling psychomotor retardation in a subset of depressed humans), decreased reward-
sensitivity under stressful conditions [42] (resembling anhedonia B decreased ability to
experience pleasure) and decreased social interaction [35] (resembling social anxiety,
frequently co-morbid with depression in humans) (reviewed by Overstreet et al. [36] and
Yadid et al. [54]). Research at the neurochemical level suggests that the behavioural
phenotype of FSL rats results from alterations in multiple neurotransmitter systems,
including the cholinergic [32], serotonergic (5-HT) [15,18], glutamatergic [24], and GABA-
ergic [13,40], as well as at the level of the second messenger signalling systems [10]. The
FSL model of depression has a very good predictive validity, i.e., selective sensitivity of
neurochemical and behavioural features of the model to treatment with clinically effective
antidepressants, including those acting on the 5-HT system, but not other psychotropic
drugs, such as stimulants [36]. Alterations of the 5-HT system in the FSL rats include 6-8-
fold higher tissue levels of 5-HT in the limbic regions, along with similar levels of
extracellular 5-HT [56], lower levels of the vesicular monoamine transporter in
dopaminergic terminals in the nucleus accumbens [45], lower 5-HT synthesis [15], lower
densities of 5-HT1a, and higher densities of 5-HT1g receptors [30].

5-HT synthesis is an important component of 5-HT transmission, as the quantities of 5-HT
available for release directly depend on 5-HT synthesis levels. It has been shown that both
types of 5-HT receptors with altered densities in the FSL rats (5-HT14 and 5-HT;g) are
involved in the control of 5-HT synthesis [9,50]. The 5-HT;g receptor is localized at the
synaptic terminals of the 5-HT neurons, where it serves as an autoreceptor involved in the
regulation of 5-HT neuron functioning. It is also localized at the cholinergic, dopaminergic
(DA), glutamatergic and GABA-ergic neurons, regulating the neurotransmitter release from
these neurons [4]. Stimulation of 5-HTqg receptors decreases the concentration of the cyclic
adenosine monophosphate second messenger in the target neurons [4]. The 5-HT g receptor
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has been implicated in the regulation of several physiological functions such as sleep,
locomotor activity, sexual behaviour and appetite [4], many of which are altered in FSL rats
[36], as well as in a subset of depressed patients (Diagnostic and Statistical Manual of
Mental Disorders (DSM-1V)). Specifically, FSL rats have been proposed as a model for
psychomotor retardation [42], a state of cognitive and motor slowing frequently found in
major depression (DSM-1V) [2]. The aim of the present study is to assess the role of 5-HT1g
receptors in the control of 5-HT synthesis in FSL rats, a rat model of depression, relative to
the control FRL strain, taking into account the previously established role of 5-HT1g
receptors in the control of 5-HT synthesis in normal rats [14], the higher density of 5-HTg
receptors, and the lower baseline 5-HT synthesis in FSL rats, relative to the FRL controls
[15,30].

Following the chronic treatment of normal rats with fluoxetine, an indirect agonist of 5-
HT4g, the adaptation of 5-HT g signalling was demonstrated both at the level of mMRNA
expression [26] and receptor sensitivity [28]. Therefore, an additional aim of the present
study was to assess the adaptability of the 5-HT g receptors in the FSL rats and FRL
controls to chronic stimulation. The effect of acute (5 mg/kg i.p.) and chronic (5 mg/kg/day
i.p., for 14 days) treatments with the selective and blood-brain barrier penetrating 5-HT1g
agonist, 5-propoxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-1H-pyrrolo [3,2-b]pyridine
hydrochloride (CP-94253), on 5-HT synthesis, in 35 brain regions in the FSL and FRL rats,
using a-[1*C]methyl-L-tryptophan (a-MTrp) ex vivo autoradiography (reviewed by [8]) was
studied. CP-94253 shows a higher affinity for 5-HT4g receptors relative to both the 5-HT1p
and 5-HT 1 receptors (25- and 40-fold, respectively) [21].

2. Materials and methods

2.1. Animals

FSL and FRL rats (10 weeks of age and weighing 190-240 g at the outset of the treatment)
from the in-house colony at the Montreal Neurological Institute were housed two per cage in
the animal facility (room temperature of 22 + 2 °C with a 12-h day-night cycle). The
breeding colonies were kindly provided by Dr. David Overstreet (Center for Alcohol
Studies, University of North Carolina, Chapel Hill, NC 27599-7178, USA). All surgical
procedures and experiments were performed with the approval of the Animal Care
Committee of the Montreal Neurological Institute of McGill University, and according to the
procedures of the Canadian Council on Animal Care.

2.2. Drug

CP-94253 hydrochloride (Tocris Bioscience, Ellisville, MO, USA) was dissolved in saline
(0.9% NaCl). In the acute experiment, an i.p. injection (5 mg/kg) was administered 30 min
prior to the infusion of the a-MTrp. The volume of the drug solution injected was ~0.2 mL.
The control animals received the same volume of saline. In the chronic experiment, the drug
solution was delivered using the osmotic mini-pumps (Alzet model 2ML2; ALZA, Palo
Alto, CA, USA), with the release rate of 120 uL/day, for 14 days. The drug concentration in
the solution was tailored to the mini-pump release rate and the predicted mean weight of the
animal throughout the treatment period, to achieve a daily dose of 5 mg/kg. The dose of
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CP-94253, chosen for the acute and chronic experiment (5 mg/kg), was based on that which
produced an antidepressant-like response in the forced swim test in mice [49].

3. Experimental

3.1. Minipump implantation

The rats were assigned to either groups receiving 5 mg/kg day of CP-94253 dissolved in 120
pL of saline (Flinders Resistant Line-Chronic-Treatment, FRL-CHR-TR; Flinders Sensitive
Line-Chronic-Treatment, FSL-CHR-TR groups) or the same volume of saline alone
(Flinders Resistant Line-Chronic-Saline, FRL-CHR-SAL; Flinders Sensitive Line-Chronic-
Saline, FSL-CHR-SAL groups). Osmotic mini-pumps were implanted subcutaneously at the
dorsum of the rat, under general isoflurane anaesthesia (5% for induction and 2% for
maintenance). Minipumps are used to ensure the constant drug delivery rate. The skin over
the implanted mini-pump was closed with sutures and treated with povidone-iodide.
Xylocaine gel was applied as a local anaesthetic, post-surgically. The surgery lasted, on
average, approximately 10 min. The rationale for using the osmotic mini-pumps as a means
of drug delivery is twofold: (1) osmotic mini-pumps release the drug at the constant rate for
the duration of this chronic treatment study, avoiding the daily fluctuations in drug level,
which is also an ideal aim of the clinically used antidepressants; and (2) the substitution of
daily i.p. injections with the osmotic mini-pump reduces the stress incurred on the
experimental animals. Removing stress as a confounding factor is particularly important
given the effects of stress on 5-HT g receptor functionality [27], and the higher
susceptibility of FSL rats to stress.

3.2. Autoradiographic experiment

To avoid the fluctuations of the plasma concentrations of tryptophan and other amino acids,
the animals were fasted overnight prior to the day when the autoradiographic experiment
was performed. Water was provided ad libitum. To avoid the possible influence of the
circadian rhythm on the 5-HT system and measured parameters, the a-MTrp was injected
between 11:00 am and 1:00 pm. The anaesthesia was achieved using inhalatory anaesthetic
isoflurane (5% concentration for induction and 2% concentration for maintenance). Plastic
catheters (PE50) were inserted into the femoral artery (for blood sampling) and the vein (for
the tracer injection). Throughout the experiment, the opening of the catheters was
maintained by flushing with heparine sodium solution (1000 I.U./mL). The wound was
closed with sutures and the lower part of the rat’s body was immobilized with a plastic cast
to minimize movements which could dislocate the catheters from the vessels. Following the
immobilization, the anaesthetic mask was removed and the rats were allowed to recover for
at least 2 h prior to the injection of the tracer. Thirty uCi of a-MTrp (specific activity of 55
mCi/mmol; Amersham Bioscience Inc.), dissolved in 1 mL of saline, was infused into the
femoral vein over 2 min by an infusion system (Model 55-2226, Harvard Apparatus,
Holliston, MA, USA). Blood samples (50 uL) were taken at progressively longer intervals
after the infusion of the tracer, on the following schedule (min): 0.5, 1, 1.5, 2, 2.5, 3, 5, 10,
20, 30, 40, 50, 55, 60 (14 samples, 60 min experiment) or 0.5, 1, 1.5, 2, 2.5, 3, 5, 10, 30, 60,
90, 120, 140, 145, 150 (15 samples, 150 min experiment). The blood samples were
centrifuged for 3 min at 9300 x g, and 20 pL of plasma was used for liquid scintillation
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counting to measure the plasma radioactivity needed to calculate the arterial input function.
The physiological parameters (pH, pO5,, pCO, ), total, and free levels of plasma Tryptophan
were measured from the blood samples (80 pL) withdrawn immediately before and 10 min
after the a-MTrp infusion, as well as 10 min before the animals were sacrificed. At 60 or
150 min following the infusion of the tracer, the rats were decapitated using a guillotine. The
brains were rapidly removed, frozen in 2-methylbutane (within 2 min following the
decapitation) and stored in a deep freezer at —84 °C until being cut. The brains were cut in a
Leica CM3000 (Leica Microsystems, Bensheim, Germany) at =20 °C (the thickness of the
slices was 30 um). The slices were then mounted on glass slides and after drying on a hot
plate (60 °C), contacted to phosphorous imaging plates (Fuji, Japan) along with 14C-polymer
standards (Amersham; calibrated to 30 um thickness of the brain tissue) for 2 weeks.
Following this period, the plates were scanned in a Fuji BAS5000 (Fuji, Japan) scanner.

3.3. The measurement of plasma Trp concentrations

To measure the total and free (non-albumin-bound) Trp concentrations in the plasma, six
plasma samples were taken at different time-points (50 min following the infusion in the 60
min experiment and 140 min following the infusion in the 150 min experiment). The
samples were shaken on a vortex and spun for 4 min at 9300 rpm (room temperature). For
the determination of the total Trp concentration in the plasma, 50 pL of plasma was
deproteinized with 25 pL of 20% trichloroacetic acid (TCA). For the measurement of the
free Trp concentration in the plasma, an additional 50 pL of plasma was filtered through a
Biomax-10 filter (10,000 MW cutoff, Millipore Co., Bedford, MA, USA) spinning at 9300 x
gfor 10 min at 41 °C. Both plasma samples for measuring the free and total Trp were stored
in a freezer (-84 °C) until they were analysed using HPLC (high performance liquid
chromatography) with fluorescence detection [48].

3.4. Calculation of the 5-HT synthesis rate

The scanned images were digitized on a microcomputer-based image analysis system
(MCID; Imaging Research Inc., St. Catharines, Ont., Canada). The system consists of a
video camera, a frame grabber and a personal computer. The measured optical densities
were converted into tissue radioactivity concentration (nCi/g) in the following way: the
optical density of the 14C-standards was plotted as a function of their tissue equivalent and
the calibration curve was obtained. The optical density was then converted into the tissue
tracer concentration (nCi/g) using a third-order polynomial as a calibration curve. Thirty-
seven brain regions of interest were identified using the Rat Brain atlas [39]. The tissue
concentration of the tracer was measured bilaterally in 35 regions of interest, with 6-8
bilateral readings per region of interest. The dorsal raphe was partitioned as exemplified in
Fig. 1. The tissue radioactivity concentrations were converted into the volume of distribution
by dividing the tissue (nCi/g) with the plasma tracer concentrations at the end of the
experiment [nCi/mL; C*p(T)], as previously detailed [8]. The rate of 5-HT synthesis (%,
pmol/g/min) was calculated by converting K (slopes obtained from volume of distribution fit

as a function of exposure time (“):fng * (t) - dt/C * p(T); here Cp*(9 and C*p(T) are
plasma tracer concentration as a function of time (£ and at the end of experiment (7),
respectively) to K7 (K7 = KILC; division by the lumped constant (LC)) and then multiplying
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the calculated K7 by the plasma free (non-protein-bound) Trp (Cp; pmol/mL); R= CpKILC
= CpK. The LC for a-MTrp used in the present study was previously measured in vivo and
found to be 0.42 + 0.07 [52], and it is not influenced by drugs [41,52].

3.5. Statistics

4. Results

STATISTICA 7 software (StatSoft Inc., Tulsa, OK, USA) was used for the statistical
analysis of the data. To determine the presence of a region x group interaction, the general
linear model of ANOVA was used. The post hoc correction for the multiple comparisons
was done according to the Benjamini-Hochberg method [3]. The planned comparisons were
used to determine the overall differences in 5-HT synthesis between different groups (FRL-
AC-SAL relative to FSL-AC-SAL; FRL-CHR-SAL relative to FSL-CHR-SAL), as well as
the effect of acute or chronic treatments in the FRL rats (FRL-AC-SAL relative to FRL-AC-
TR; FRL-CHR-SAL relative to FRL-CHR-TR), and the FSL rats (FSL-AC-SAL relative to
FSL-AC-TR; FSL-CHR-SAL relative to FSL-CHR-TR). The p< 0.05 was taken as
significant.

The physiological parameters (0O,, pCO,, pH) and the free and total tryptophan
concentrations in the plasma are shown in Tables 1 and 2. There were no significant
differences between the groups in any of the physiological variables measured (Tables 1 and
2), except for the values of pO,, which were significantly higher in the FRL-CHR-TR rats,
relative to the FRL-CHR-SAL rats [A1,19) = 4.9; p< 0.05].

A set of autoradiograms exemplifies regional differences in 5-HT synthesis between the
different groups in Figs. 2 and 3.

When comparing the FRL-AC-SAL and FSL-AC-SAL groups, three factor ANOVA,
followed by the Benjamini—Hochberg correction for multiple comparisons, showed that the
5-HT synthesis rate is significantly different (lower) in 23 out of 35 tested brain regions
(66%) in the FSL-AC-SAL group [A1,20) = 13.4; p< 0.002); brain region x treatment
interaction had A34,680) = 40.3; p< 0.00001]. One region, the caudate putamen B medial
part, lost significance following Benjamini—-Hochberg correction. The differences were most
pronounced in the ventral thalamus (-55% in FSL-AC-SAL), followed by the anterior
olfactory nucleus (—52%) and substantia nigra B pars compacta (SNC; —44%). The lowest
significant differences were found in the raphe magnus (-22% in FSL-AC-SAL) and the
frontal cortex (—17%). The only region in which the 5-HT synthesis rate was higher in the
FSL rats was the entorhinal cortex (28%), but this difference was not statistically significant
(Table 3). The differences between the FRL-SAL and FSL-SAL groups are graphically
depicted for a selected number of the brain regions in Fig. 4 to demonstrate the effect.

When comparing the FRL-AC-SAL and FRL-AC-TR groups, three factor ANOVA, followed
by the Benjamini-Hochberg correction for multiple comparisons, showed that the 5-HT
synthesis rate is significantly different (lower) in the FRL-AC-TR rats, relative to the FRL-
AC-SAL group, in 32 out of 35 tested brain regions (91%) [A1,21) = 35.7; p< 0.001); brain
region x treatment interaction had A34,714) = 32.6; p < 0.00001]. Lower 5-HT synthesis
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rates in the FSL-AC-TR rats were found in all of the tested regions (with the exception of
the parietal cortex, entorhinal cortex and median raphe). Significance in all of the brain
regions survived Benjamini—-Hochberg corrections (Table 3). The largest decrease was found
in the ventral thalamus (-67%), followed by the dorsal hippocampus (-63%), substantia
nigra-pars compacta (—60%) and caudate putamen at the level of the globus pallidus (-59%).
The lowest significant decreases were found in the nucleus accumbens (-31%) and ventral
hippocampus (—34%). Decreases in the raphe regions ranged from —15% (in the median
raphe, non-significant) to —55% (raphe pontine) (Table 3). Comparisons of the regional
differences are depicted for the subset of the brain regions in Fig. 4 to demonstrate the
effect.

When comparing the FSL-AC-SAL and FSL-AC-TR groups, three factor ANOVA showed a
significant brain region x group (saline and drug treated groups) interaction [(A35,735) =
34.6; p<0.00001)]. After the post hoc Benjamini-Hochberg correction, the differences were
significant in 6 out of 35 tested brain regions (17%): the anterior olfactory nucleus, septal
nucleus, raphe magnus, median raphe, nucleus accumbens, and medial forebrain bundle. The
5-HT synthesis was significantly higher in the FSL-AC-SAL group, relative to the FSL-AC-
TR group, in all of the regions where the difference reached statistical significance, except in
the anterior olfactory nucleus. The differences in the ventral thalamus, caudate putamen —
medial part, dorsal raphe — ventral part, superior colliculi, and ventral tegmental area lost
significance following correction (Table 3).

ANOVA followed by the Benjamini-Hochberg post hoc correction for multiple comparisons
showed that the FRL-CHR-SAL group has a greater 5-HT synthesis than the FSL-CHR-SAL
group [(A1,21) = 13.7; p< 0.002); brain region x treatment interaction had (AH34,714) =
15.8; p<0.00001)]. The 5-HT synthesis rate is significantly higher in 32 out of 35 brain
regions tested (91%) in the FRL-CHR-TR group. The differences were most pronounced in
the ventral tegmental area (—68% in FSL-CHR-SAL), followed by the median forebrain
bundle (-62%) and sensory cortex (—61%). The lowest significant differences were found in
the dorsal raphe — dorsal part (—22% in FSL-CHR-SAL) and ventral hippocampus (-21%).
Regional 5-HT synthesis was higher in the FSL-CHR-SAL group in the superior colliculus
(27%) and dorsal raphe — ventral part (29%), but these differences were not significant
(Table 4). The regional differences are compared for the subset of the brain regions in Fig. 5,
exemplifying the stain effect on synthesis in this chronic treatment experiment.

The comparison of the FRL-CHR-SAL and FRL-CHR-TR groups, ANOVA, and the
Benjamini—-Hochberg post hoc correction, revealed that the 5-HT synthesis rate is
significantly different (lower) in 29 out of the 35 brain regions tested (83%) in the FRL-
CHR-TR group [(A1,20) = 12.9; p< 0.002); brain region x treatment interaction had
(H(34,680) = 14.4; p< 0.00001)]. After the post hoc evaluation, significant decreases were
found in all of the brain regions except the ventral tegmental area, dorsal raphe — dorsal part,
ventral hippocampus, raphe pontine, dorsal raphe — ventral part, and median raphe. There
was no region which lost significance after the post hoc correction. The largest decreases in
5-HT synthesis in the FRL-CHR-TR rats were found in the locus coeruleus (-78%),
followed by the claustrum (=72%), cingulate cortex (—61%) and frontal cortex (—55%).
Significant decreases in the raphe nuclei were —22% in the dorsal raphe — lateral part and
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-49% in the raphe magnus. The region with the lowest statistically significant decrease was
the dorsal raphe — lateral part (-22%) (Table 4). The regional differences are compared for
the subset of the brain regions in Fig. 5 to exemplify the difference in the magnitude of the
treatment effect.

The three factor ANOVA for the FSL-CHR-SAL and FSL-CHR-TR group comparisons
revealed a significant treatment effect [(AH1,22) = 25.4; p< 0.0001); brain regions x
treatment; interaction had (A34,748) = 21.4; p< 0.0001)]. The Benjamini—-Hochberg post
hoc correction for multiple comparisons revealed significant differences in 32 out of the 35
brain regions tested (91%) between the FSL-CHR-TR and FSL-CHR-SAL groups. The
brain regions which did not have significant differences in 5-HT syntheses are: the dorsal
raphe — ventral part, raphe magnus and superior colliculus. The increases were most
pronounced in the ventral tegmental area (308%). The lowest significant increases were
found in the dorsal raphe — lateral part (25%) and dorsal raphe — dorsal part (36%) (Table 4).
The regional differences are compared for the subset of the brain regions in Fig. 5 to
exemplify the difference in the magnitude of the treatment effect.

5. Discussion

In the present study, the acute treatment with the selective and centrally active 5-HTg
agonist CP-94253 resulted in decreased 5-HT synthesis in both the FSL rat model of
depression and the FRL controls, although most of the decreases in the FSL group lost
significance following the Benjamini—-Hochberg correction for multiple comparisons (Table
3). The chronic treatment produced the opposite effect on 5-HT synthesis between those
strains (an increase in the FSL and a decrease in the FRL) (Table 4).

The 5-HT synthesis decrease in both the FRL and FSL rats following acute treatment with
CP-94253 (Table 3) accords with the effects of the acute treatment with the 5-HT,g agonist,
CP-93129, on 5-HT synthesis in the SPD rats [14], which also produced widespread
decreases in brain 5-HT synthesis in the terminal regions, with less consistent effects in the
raphe nuclei. The microiontoforetic application of the 5-HT4g agonist on hippocampal [1]
and raphe [16] neurons decreased the 5-HT release in the SPD rats. Although no such
studies have been done in either the FSL or FRL rats, it is possible that the acute stimulation
of 5-HTqg receptors in these strains resulted in a decreased release of 5-HT and a
consequent end-product inhibition of the 5-HT synthesizing enzyme, Tryptophan
hydroxylase (Tph) [38], with decreased 5-HT synthesis as the final outcome. The effects of
the acute treatment on 5-HT synthesis in the FRL rats presented here accord with the effects
of the sub-chronic (7 day) treatment with the 5-HTg/1p agonist, CGS 12066B, which
decreased 5-HT synthesis in the median raphe and terminal areas, but produced no effect on
5-HT synthesis in the DR [51]. Regarding the relative clinical importance of the 5-HT
synthesis in the raphe nuclei vs. the terminal regions, in the currently depressed patients, 5-
HT synthesis was significantly decreased in some of the 5-HT terminal regions (cingulate
and temporal cortices), relative to age and gender-matched healthy controls, as measured by
positron emission tomography [43]. However, the degree of the 5-HT synthesis decrease was
not correlated with the severity of the depression symptoms, as measured by the clinically
used rating scales. However, in another study, it was found that the rate of 5-HT synthesis
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negatively correlates with the Hamilton Depression Rating Scale in the left inferior frontal
gyrus (Brodmann area 46) and in the medial frontal gyrus (Brodmann area 10) [11]. The 5-
HT synthesis in cell body regions of 5-HT neurons could not have been measured in humans
due to the insufficient spatial resolution of positron emission tomography, relative to the size
of the raphe nuclei.

The opposite effect of the chronic treatment with the 5-HTqg agonist, CP-94253, on 5-HT
synthesis in the FSL model of depression and the FRL controls (Table 4) may be related to
the higher density of the 5-HTg receptors in the FSL rats, relative to both the FRL and SPD
rats [30]. The presence of higher densities of 5-HTqg receptors in the FSL rats [30], despite
the lack of significant differences in the extracellular 5-HT levels [57] may suggest a
different sensitivity of these receptors in the FRL and FSL strains. The 5-HTq 4 receptors,
which also control the synthesis [50] and release of 5-HT as do the 5-HTg receptors, show
lower sensitivity [46] in the FSL rats, relative to the FRL and SPD rats. It should be noted
that the autoradiographic method used by [30] could not distinguish the relative
contributions of the auto- and heteroreceptor pools of 5-HT g to the increased density of the
5-HT,g receptors in the FSL rats, as the 5-HTqg terminal auto- and heteroreceptors are
found in the same 5-HT projecting regions [4,29] and no ligand, so far, has shown sufficient
binding selectivity for one of these receptor pools. Given that 5-HTg heteroreceptors
mediate the release of a number of other neurotransmitters (e.g., GABA, glutamate,
acetylcholine), the increased density of the 5-HT;g receptors in the FSL rats may produce a
change in the relative influence of these systems on the functioning of the 5-HT system,
indirectly affecting 5-HT synthesis. This divergent effect could be amplified by the known
differences in the cholinergic (increased sensitivity to cholinergic agonism [33]), GABA-
ergic (increased sensitivity to benzodiapines [40]), noradrenergic (increased tissue levels of
NA limbic regions [57]) and dopaminergic (decreased 5-HT-induced release of DA [58])
systems in the FSL rats. Several studies have suggested the differences at the second
messenger level between the FSL and FRL rats, which could possibly account for the
opposite neurochemical or behavioural responses of the FSL and FRL rats to the same
neuropharmacologically active compounds. Treatments aimed at the component of the
second messenger signalling system in FSL rats (inositol [10]; phosphodiesterase type 5
(PDEDS) inhibitor, sildenafil [22]) have corrected the low mobility of FSL rats in the forced
swim test, despite the fact that it increased cholinergic signalling, a characteristic considered
to be responsible for the sildenafil-induced attenuation of the anti-immobility effect of
otherwise effective antidepressants in the forced swim test in SPD rats [20]. Finally Stepie et
al. [47] found that 5-HT4g receptors modulate cyclic guanosine mono-phosphate (cGMP)
function, a second messenger system which is affected by sildenafil, an inhibitor of
phosphodiesterase type 5, a molecule that has shown antidepressant effects in FSL rats [22].
As an interesting parallel to the findings from the present study, the opposite effects of
chronic treatment with the selective 5-HT 5 partial agonist, buspirone, on 5-HT synthesis,
were found in the FRL (decrease) and FSL (increase) rats [31].

In both the FRL and FSL rats, 5-HT synthesis in most parts of the DR was not significantly
affected by chronic treatment with CP-94253, while 5-HT synthesis in the MR, another
major source of brain 5-HT innervations, was decreased in the FRL rats and increased in the
FSL rats. The increased sensitivity of the 5-HTg-controlled parameter, 5-HT synthesis, in
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the median raphe, relative to the dorsal raphe, accords with the suggestion that the 5-HT g
receptors may have a larger influence on 5-HT release from the terminals of the 5-HT
neurons projecting from the median raphe, than from the dorsal raphe [6]. The absence of a
decrease in 5-HT synthesis in some of the raphe regions could be due to the higher
concentrations of Tph in the 5-HT neuron cell bodies [37], which would require higher
concentrations of 5-HT to be inhibited. The 5-HT synthesis rates in the dorsal raphe and
median raphe have previously been differently affected by chronic treatment with the 5-HT
releaser and reuptake blocker, D-fenfluramine [55], but not with SSRIs (fluoxetine [25]).

The effect of the chronic 5-HT4g agonist treatments differed between the FRL (widespread
decreases; Table 4) and SPD rats (no significant effect [14]), which have both been used as
normal controls in different studies of FSL rats. However, despite the lack of significant
effect of chronic treatment with the 5-HTg agonist, CP-93129, in SPD rats, 5-HT synthesis
in most of the examined regions showed a trend toward the decrease in a treated group. The
differences in the extent of the blood brain barrier penetrability between CP-94253 and
CP-93129, as well as possible differences between the FRL and SPD strains, could be
responsible for these outcomes.

The presence of the significant and widespread effects of CP-94253 on 5-HT synthesis
following a 14 day treatment in both the FRL and FSL rats suggest the lack of
desensitization of the receptors and downstream mechanisms involved in this effect.

The significance of these results regarding the understanding of the 5-HT system regulation
in the brains of depressed patients is currently not clear and should be clarified or confirmed
by studies examining the efficacy of chronic treatment with CP-94253 in the validated
behavioural tests of the antidepressant efficacy in FSL rats, such as the forced swim test. The
possibility of the antidepressant efficacy of CP-94253 in the FSL rats is supported by the
fact that the chronic treatment of FSL rats with citalopram shows both antidepressant
efficacy [35], as well as an increase in 5-HT synthesis in the terminal regions, but a decrease
in the raphe [19]. Further, the relationship between the changes in 5-HT synthesis induced
by pharmacological treatment and behavioural normalization was corroborated by the
findings in the olfactory bulbectomized (OBX) rat model of depression, in which previously
increased 5-HT synthesis [53] was decreased through chronic treatment with citalopram
[14], using the same dose and length of treatment (14 days, 10 mg/kg/day) which
normalized behaviour in OBX rats [23]. Finally, the reduced depression scores in depressed
humans chronically treated with citalopram correlated with an increase in 5-HT synthesis in
the prefrontal cortex, as measured by positron emission tomography [5].

Lower 5-HT synthesis has been found throughout the brain in FSL rats treated with saline,
relative to FRL controls treated with saline, replicating the previous results [15]. The lower
5-HT synthesis in FSL rats may be due to the 5-HT-mediated inhibition of Tph, a 5-HT
synthesizing enzyme. Higher tissue concentrations of 5-HT in the FSL rats [56] are
presumably accounted for by the increased intracellular concentration of 5-HT, given that
the extracellular concentration of 5-HT was not affected. Similar reports on the other
monoamine neurotransmitters in FSL rats (NA and DA [57]), as well as the decreased
concentration of the vesicular monoamine transporter [45] suggest that decreased
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monoamine release may play a role in the pathophysiology of FSL neurochemical, and
possibly behavioural, alterations. Therefore, increased intracellular levels of 5-HT in the
FSL rats may tonically inhibit 5-HT synthesis. The different effects of treatment with 5-
HT1p agonist on 5-HT synthesis in the FSL rat model of depression and the control FRL rats
suggest that the interpretation of data obtained from normal rats could be of limited value in
deducing the “antidepressant” mechanisms of compounds acting on the 5-HT system. This
result is not surprising, given the frequently observed difference in behavioural effects of
psychotropic compounds in normal rats and the rat models of depression [23,44].

The purpose of measuring the physiological parameters (pH, pO,, pCO5, hematocrit) in the
arterial blood during the autoradiographic experiment was to ensure that these parameters
were within the physiological range. This was necessary to exclude the possibility that
surgical procedure and immobilization had adverse effects on general homeostasis, which
might also affect the 5-HT synthesis. There were no significant differences in the
physiological parameter values between any of the groups in both the acute and chronic
experiment, excluding the significantly higher pO, in the FRL-CHR-SAL group, relative to
the FRL-CHR-TR group. Although the pO, may affect the 5-HT synthesis levels, the mean
difference in pO, between these two groups was below 5% (Table 2) and not likely to have a
significant effect on 5-HT synthesis.

6. Conclusions

Chronic treatment with a selective and centrally active 5-HTqg agonist, CP-94253, has an
opposite effect on 5-HT synthesis in the FSL rat model of depression (increase) and the
control FRL rats (decrease). The differential effect of chronic 5-HTyg stimulation on 5-HT
synthesis in the FSL and FRL rats may be due to the different densities and/or sensitivities
of the 5-HT;g auto or heteroreceptor pools.
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a-MTrp a-methyl-L-tryptophan

CP-94253  5-propoxy-3-(1,2,3,6-tetrahydro-4-pyridinyl)-1H-pyrrolo [3,2-b]pyridine
hydrochloride
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Fig. 1.
A schematic presentation of the regions read as DR-d (dorsal raphe-dorsal part), DR-v

(ventral part), and DR-lat (lateral part).
These were adapted from the gross sections provided in [39].
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Fig. 2.

A set of autoradiographic images of the coronal sections in acute experiment from the FRL-
SAL, FRL-TR, FSL-SAL and FSL-TR groups, illustrating the regional differences in 5-HT
synthesis between the experimental groups. The rats were injected i.p. with 5 mg/kg of
CP-94253 dissolved in 1 mL/kg of saline (FRL-TR and FSL-TR) or the same volume of
saline (FRL-SAL and FSL-SAL). The abbreviations are: CINX, cingulate cortex; DHIP,
dorsal hippocampus; DR, dorsal raphe; DTH, dorsal thalamus; HYP, hypothalamus; MR,

median raphe; NACC, nucleus accumbens; PB, pineal body.
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Fig. 3.
A set of autoradiographic images of the coronal sections in chronic experiment from the

FRL-SAL, FRL-TR, FSL-SAL and FSL-TR groups. The regional differences in 5-HT
synthesis between the experimental groups could be observed, particularly in the high
synthesis levels of the raphe nuclei. The rats were treated chronically (14 days) with 5
mg/kg/day of CP-94253 dissolved in 0.12 mL of saline, delivered via a subcutaneously
implanted osmotic mini-pump (FRL-TR and FSL-CHR-TR) or the same volume of saline
(FRL-SAL and FSL-SAL). The abbreviations are those defined in Fig. 2.
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Fig. 4.
The percent differences in 5-HT synthesis rates (%) in the acute experiment between the

FRL-AC-SAL and FSL-AC-SAL groups (solid bars; exemplifying the strain effect), between
the FRL-SAL and FRL-AC-TR groups (horizontally stripped bars; exemplifying the effect
of the treatment in the FRL controls), and between the FSL-AC-SAL and FSL-AC-TR
groups (empty bars; exemplifying the effect in FSL rats) are graphically depicted for a
selected number of the brain regions.
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Fig. 5.
The regional differences in 5-HT synthesis (%) in the chronic experiment are compared for

the subset of the brain regions, exemplifying the strain effect (solid bars: difference between
FRL-CHR-SAL and FSL-CHR-SAL), as well as the effects of the treatment in the FRL
(horizontally stripped bars; difference between FRL-CHR-SAL and FRL-CHR-TR) and FSL
(empty bars; difference between FSL-CHR-SAL and FSL-CHR-TR) rats.
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Physiological values in the FRL and FSL rats treated acutely with saline (FRL-AC-SAL; FSL-AC-SAL) or 5
mg/kg of CP-94253 i.p. (FRL-AC-TR; FSL-AC-TR).4

FRLP-AC-SAL (n=11)

FRL-AC-TR (n = 12)

FSLC-AC-SAL (n=11)

FSL-AC-TR (n = 11)

Weight (g) 196.1+7.9
pH 742+0.1
CO, (MMHg) 36.3+2.7
PO, (MmHg) 99.1+10.0
Free Trp 13.9+6.2
Total Trp 88.1+16.9

197 £5.1
7.41+0.02
38.1+25
106.6 +8.4
116+28
87.8+29.0

206.6 £9.0
7.45 +0.02
354+19
101.6 +4.7
11.0+3.0
77.0+16.0

197.1+11.0
7.42 £0.04
38.0+4.1
1151+6.2
125+24
85.4+79

aThe values are presented as mean + S.D. (standard deviation).

bFIinders Resistant Line.

c_. . .
Flinders Sensitive Line.
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Table 2

Physiological values in FRL and FSL rats treated for 14 days with saline (FRL-CHR-SAL; FSL-CHR-SAL) or
5 mg/kg/day of CP-94253 (FRL-CHR-TR; FSL-CHR-TR),? delivered via subcutaneously implanted osmotic

minipump.
FRLP-CHR-SAL (n=11) FRL-CHR-TR(n=11) FSLC-CHR-SAL (n=12) FSL-CHR-TR(n=12)
Weight gain (g) 70.7+103 65.6+15.9 782119 723134
pH 7.45+0.03 7.45+0.01 7.44+0.02 7.44+0.03
pCO, (MMHg) 35.7+18 36.4 £ 3.4 35.1+£3.0 34.6+18
PO, (MmHg) 08.1+734 94380 101.36.3 105.3+10.7
Free Trp (pmol/L) 93+19 11.2+29 83+14 104+£25
Total Trp (pmol/L) 773150 939312 59.7 +13.1 787147

a -
The values are presented as mean + S.D. (standard deviation).

bFIinders Resistant Line.

cFIinders Sensitive Line.

dSignificantIy different between the FRL-CHR-SAL and FRL-CHR-TR groups.
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Table 3

Regional rates of brain 5-HT synthesis (pmol/g/min) in the FRL and FSL rats following acute treatment with
saline (FRL-AC- and FSL-AC-SAL) and CP-94253 (FRL-AC- and FSL-AC-TR groups; 5 mg/kg i.p., 30 min
prior to the tracer injection). The values are presented as mean = S.D. (standard deviation).

Regions FRLa-Ai)SAL ("= FRL-ACTR(n=12) FSt b'AC,l?i?AL ("= FSL.AC-TR(n=11)
Auditory cortex 420+11.0 21.9+85% 37.0x7.1 37.1+93
Amygdala 85.0£17.0 137+96% 67.0+14.05 57.0£11.0
Accumbens nucleus 80.0+19.0 54.6+85% 72.0+12.0 57.0+10.07
Anterior olfactory nucleus 68.8+6.1 297+83% 329+59 43.8+597
Cingulate cortex 51.0+13.0 270+71% 423+95 36.8+9.0
Claustrum 68.0+£17.0 284+797 39.0 + 11.0¢ 39.0+£12.0
Caudate putamen — level of globus 86.0 + 18.0 35.0+11.07 48.9 +1.0% 440+11.0
pallidus

Caudate putamen — lateral part 65.0 +16.0 304+76% 44.0 + 10.0 36.9+9.4
Caudate putamen — medial part 67.0+17.0 435+54% 54.0 + 12.0% 41.0+11.0%
Dorsal hippocampus 95.0+17.0 35.2+6.6% 57.0 + 12.0¢ 55.0+11.0
Dorsal raphe — dorsal part 180.0 +£53.0 111.0+25.0% 166.0 + 16.0 159.0 + 14.0
Dorsal raphe — lateral part 199.0 +26.0 115.0 + 26.0 % 135.0 + 24.0% 124.0+16.0
Dorsal raphe — ventral part 307.0 £50.0 190.0 +43.0% 194.0 + 19.0¢ 211.0+17.08
Dorsal subiculum 54.0+18.0 23.4+98% 43.0+120 38.0+14.0
Entorhinal cortex 41.0+20.0 355+9.1 53.0+11.0 46.0+11.0
Frontal cortex 51.0+£11.0 27+717 37.7+95% 35.0+11.0
Globus pallidus 58.1+9.0 349+53% 39.2 + 8.4% 33.3+9.1
Hypothalamus 78.0+£23.0 47.0+16.0% 45.0 + 15.0 46.0 £ 18.0
Median forebrain bundle 61.0+20.0 314+67% 43.0 + 13.0% 305+897
Medial geniculate 52.0+14.0 271+71% 37.5+96% 323+99
Median raphe 116.0+£39.0 98.0 +£25.0 96.0+11.0 77.0+17.07
Parietal cortex 43.0+£14.0 37.0+13.0 37.3+93 35.0+11.0
Prefrontal cortex 52.0+15.0 247+627 49.0+11.0 45.9+9.0
Raphe magnus 74.0£12.0 4701307 58.0 = 15.08 39.0=10.07
Raphe pontine 142.0 £ 35.0 64.0+15.0% 82.0+17.08 88.0+15.0
Superior colliculus 51.5+84 247+60% 38.0 + 12.0 298 +9.0%
Sensory cortex 45.0+14.0 199+79% 35.0+£12.0 320+11.0
Septal nucleus 58.2+8.0 304+53% 48.0 + 10.0 311+917
Sensory-motor cortex 53.0+£9.9 23.4+68% 36.0+9.1% 33.0+11.0
Substantia nigra — core 67.0+12.0 26.7+6.9% 37.20+97£ 35.7+87
Substantia nigra — reticularis 41.0+11.0 199+63% 26.5 + 7.8% 27.7+£8.9
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Regions FRLa'A%)SAL ("= FRL-ACTR(n=12) FSt 'A%)SAL ("= FsL.AC-TR(n=11)
Visual cortex 59.0 £18.0 243+ 9_4* 20.7 + 8.9£ 39.0+£11.0
Ventral hippocampus 72.0+14.0 48.0 + 11.0* 42.0 + 13.0£ 48.0+8.2
Ventral tegmental area 69.0+11.0 36.9+99 46.0 + 12.0 37.4+7.0%8
Ventral thalamus 820+7.9 274+72% 37.0+11.0¢ 244+96%3

a. . .
Flinders Resistant Line.

bFIinders Sensitive Line.

*
Significantly different 5-HT synthesis rates between the FRL-AC-SAL and FRL-AC-TR rats (p < 0.05).

”Significantly different 5-HT synthesis rates between the FSL-AC-SAL and FSL-AC-TR rats (p < 0.05).

£Significant|y different 5-HT synthesis rates between the FRL-AC-SAL and FSL-AC-SAL rats (p < 0.05).

11‘Significance for the FRL-AC-SAL and FSL-AC-SAL comparison, but the significance is lost following Benjamini—-Hochberg correction for

multiple comparisons.

§Significance for the FSL-AC-SAL and FRL-AC-TR comparison, but the significance is lost following Benjamini-Hochberg correction for

multiple comparisons.
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Table 4

Page 25

Regional rates of brain 5-HT synthesis (pmol/g/min) in the FRL and FSL rats following chronic treatment
with saline (FRL-CHR- and FSL-CHR-SAL) and CP-94253 (FRL-CHR-and FSL-CHR-TR groups; 5
mg/kg/day for 14 days, delivered by subcutaneously implanted osmotic minipump) on the rate of 5-HT
synthesis (pmol/g/min) in the rat brain. The values are presented as mean + S.D. (standard deviation).

FRLA-CHR-SAL

FRL-CHR-TR (n=

FSLP-CHR-SAL (n=

Regions o A " FSL-CHBTR (n=
Auditory cortex 33.7+8.2 145+57% 14.7 +5.7¢ 46.9 + 15.27
Amygdala 574+103 333+60" 34.4 +6.45 70.6 +18.07
Accumbens nucleus 59.2£117 491+76" 443+58 77.1+20.07
Anterior olfactory nucleus 36.2+6.4 24.1+62% 19.0 + 5.9 52.0+12.87
Cingulate cortex 39.4+97 153+32% 171+71% 522 +16.87
Claustrum 37.7£104 10743 18.1£6.9¢ 52.4+1757
Caudate putamen - level of globus 50.7+11.4 33.0+52% 33.7 + 4.8% 64.9+17.37
pallidus

Caudate putamen — lateral part 42.0+10.2 28.8+45% 24.8 + 4.9 60.3+16.67
Caudate putamen — medial part 53.7+10.3 327+65% 285+ 5.7 71.0+19.27
Dorsal hippocampus 575£129 37.8+65" 31.2+4.9% 64.7 +18.87
Dorsal raphe — dorsal part 1324+ 285 1225+9.8 103.6 + 1.1 140.8 + 3057
Dorsal raphe - lateral part 130.1+27.0 1012 +12.2% 93.5 + 19.52 116.9 + 28.67
Dorsal raphe — ventral part 172.6 +35.9 177.9+24.1 2227 +63.82 181.3+385
Dorsal subiculum 4132131 31.0+64" 208 +5.4% 54.7+19.07
Entorhinal cortex 411x84 244+69" 239+6.0% 59.8+ 1657
Frontal cortex 34.7+87 157+417 18.0 + 6.2 44.7 +14.97
Globus pallidus 40.7+8.8 215+56% 227 +33% 55.8 +14.37
Hypothalamus 4832107 176+116" 203+6.8% 60.L+22.87
Median forebrain bundle 39.6 £10.2 228+6.1% 15.0 + 7.0 501 +17.77
Medial geniculate 35.0+8.8 197+617 22.4 + 6.8 463 +16.87
Median raphe 84.6 +20.7 84.6 +15.0 60.0 + 14.8% 120.2 +21.87
Parietal cortex 288182 113£47% 16.1£53% 441+ 1487
Prefrontal cortex 33.7x84 238+35" 270+ 6458 549+ 16.47
Raphe magnus 525+134 26.8+737 51.8+28.2 60.9 £ 16.3
Raphe pontine 742+ 14.6 785+ 15.0 345+ 78% 88.5+ 2537
Superior colliculus 20.9+94 13.9+4.4% 37.9+152 442+17.9
Sensory cortex 30992 135+44" 12.1+54% 432+16.07
Septal nucleus 359+99 21.4+4.4% 20.5 +5.6% 52.3+1517
Sensory-motor cortex 296+7.6 191+48 * 125+ 5.3£ 45.7 + 16.77
Substantia nigra — core 33081 247+80% 16.6 + 6.6% 46.5 + 16.27
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Regions FRL&CHR-SAL FRL-CHR-TR (n = FSLP-cHR-sAL (n= FSL-CHR-TR (n=
(n=11) 11) 12) 12)
Substantia nigra — reticularis 259738 17.1+38% 19675 39.1+13.87
Visual cortex 36.1+8.8 146+47F 19.6 + 7.5 53.2 +16.37
Ventral hippocampus 36.9+10.7 329+6.7 29.0 + 5.8 61.7 +16.97
Ventral tegmental area 36.8+10.7 32.6+6.7 11.6 + 6.7 473+1657
Ventral thalamus 438+11.2 198+88% 20.9 + 6.82 55.3+19.77

aFIinders Resistant Line.

bFIinders Sensitive Line.

Significantly different 5-HT synthesis rate between the FRL-CHR-SAL and FRL-CHR-TR rats (v < 0.05).

”Significantly different 5-HT synthesis rate between the FSL-CHR-SAL and FSL-CHR-TR rats (p < 0.05).

£Signiﬁcant|y different 5-HT synthesis rate between the FRL-CHR-SAL and FSL-CHR-SAL rats (p < 0.05).

§Lost significance following Benjamini-Hochberg correction for multiple comparisons.
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