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Abstract

Previous studies suggest that all effective antidepressant (AD) drugs decrease activity of locus
coeruleus (LC) neurons. However, little data exist regarding blood levels of drug in these studies,
and what data do exist suggest blood levels might have been very high. To assess whether decreased
LC activity is produced by drugs that selectively block reuptake for either norepinephrine or serotonin
at therapeutically relevant blood levels, effects of chronic administration of desipramine, paroxeting,
and escitalopram on LC activity were measured across a range of doses and blood levels of drug.
Further, effects of a range of doses of mirtazapine were examined; in that mirtazapine blocks ay
adrenergic receptors, it might be anticipated to increase rather than decrease LC activity. Finally, to
begin to assess whether the response of LC to ADs was specific to these drugs, effects of four non-
AD drugs (single dose) were measured. Drugs were administered via osmotic minipump for 14 d.
Electrophysiological recording of LC activity (assessment of both spontaneous firing rate and
sensory-evoked ‘burst’ firing) then took place under isoflurane anaesthesia on the last day of drug
treatment. The blood level of drugs present at the end of the recording session was also measured.
All AD drugs tested decreased LC spontaneous and sensory-evoked ‘burst’ firing, and this was
observed across a wide range of blood levels for the drugs. Non-AD drugs did not decrease LC
activity. The findings of this investigation continue to support the possibility that all effective AD
drugs decrease LC activity.
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Introduction

We previously presented data and reviewed findings, both from experimental animals and

humans, suggesting that all effective antidepressant (AD) drugs and electroconvulsive shock
cause a decrease in the activity of locus coeruleus (LC) neurons, the major noradrenaline-

containing cell body group in the brain (Grant and Weiss, 2001). The results reported in that
paper showed that chronic treatment with any one of five different AD drugs — two tricyclics,
two selective serotonin reuptake inhibitors (SSRIs), and a monoamine oxidase inhibitor — or
a series of electroconvulsive shocks all decreased electrophysiological activity of LC neurons
in rat brain, both spontaneous firing rate and sensory-evoked ‘burst’ firing of the LC neurons.
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Publication of this report elicited a comment from Szabo and Blier (2001a) who pointed out
that five other AD drugs could be added to the list of drugs that decreased LC activity (only
spontaneous activity was measured in these studies). However, they also pointed out that one
AD drug tested in conjunction with a larger study — mirtazapine — produced a small increase
in LC activity, and this finding therefore called into question the possibility that all effective
AD drugs would have the effect of decreasing LC activity.

Another important concern that arose from our original report related to the blood levels of
drugs measured in that study. When blood levels of the two tricyclic drugs used (desipramine,
imipramine) as well as the two SSRIs assessed (fluoxetine, sertraline) were measured in some
animals, levels were found to be quite high, in most cases well above what have been identified
as being therapeutic in humans. Similarly, when we also measured blood levels after
intraperitoneal (i.p.) injection of desipramine and sertraline given for 21 d in order to compare
these values with those obtained with the minipump delivery used in our study, blood levels
were again high. The only other report of AD blood levels in conjunction with
electrophysiological recording of LC activity was made by Linnér et al. (1999), who measured
the blood level for one drug (imipramine) at one dose, and reported the blood level to be within
therapeutic range. These limited data, most of which point to high blood levels of AD drug in
the animals, leave open the possibility that decreased LC activity may result from abnormally
high blood levels of drug, and raise the question of whether reduced LC activity would occur
when blood levels were lower and consistent with levels achieved in therapeutic drug regimens.

The present paper describes further examination of the possibility that effective AD drugs
decrease LC activity. First, to address the issue of whether decreases in LC activity might occur
only when blood levels are abnormally high, assessment was made of representative ADs
across a range of doses, with blood levels measured at the various doses given. The tricyclic
that was examined — desipramine — was chosen because of its highly selective action in
blocking norepinephrine reuptake. For SSRIs, paroxetine was studied because of its highly
effective blocking of serotonin reuptake. We then also studied escitalopram, because it is, of
presently used AD drugs, the most specific in blocking serotonin reuptake. Second, we
addressed the question of whether mirtazapine indeed represents an exception to the possibility
that all effective AD drugs will decrease LC activity. Finally, we examined the effects of four
drugs (single dose tested) that have behavioural and psychological effects but are not AD in
nature; this was done to begin to assess the specificity of AD drugs with regard to decreasing
LC activity.

Methods and materials

Subjects

Male Sprague—Dawley rats (virus/antigen free, bred in our laboratory from stock originally
obtained from Charles River) were used; a total of 233 rats were utilized in this study. Because
the intent of this study was to assess AD responses in adult subjects, mature males aged 5-7
months, weighing 550-700 g at the time that the minipump for drug delivery was implanted,
were used in all studies, except for two additional smaller studies noted directly below. In male
rats aged 5-7 months, different doses of drug also can be delivered via minipump relatively
accurately insofar as their body weight has stabilized and will not change appreciably across
the duration of study (usually 14 d). In examining the effects of mirtazapine, younger rats of
two additional ages were also studied — age 60 d (350—-400 g) and age 45 d (250-300 g). All
animals were group-housed (two per cage) directly on bedding in solid-bottom polycarbonate
cages throughout the experiment. The animals housed in any one cage all received the same
drug (or vehicle). Food (lab chow) and water were available ad libitum. A 12-h light—dark
cycle (lights on 07:00 hours) and temperature of ~21°C was maintained in the colony room.
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Procedures and animal use described in this paper were approved by the Emory University
Institutional Animal Care and Use Committee.

Drugs and administration

The effects of four ADs were examined : desipramine HCI (Des), a secondary amine
dibenzazapine tricyclic norepinephrine reuptake inhibitor (Sigma, St Louis, MO, USA),
paroxetine HCI (Par) and escitalopram (Esc), both SSRIs (prepared by Dr M. Owens as
described in McConathy et al., 2007, and mirtazapine (Mir), a tetracyclic noradrenergic/
specific serotonergic AD (Organon, West Orange, NJ, USA). Different doses of each of the
four ADs were administered, the intention being to define a dose—response curve for each
drug. Drugs were administered via Alzet Osmotic Minipumps (Durect Corporation, Cupertino,
CA, USA) implanted subcutaneously, using Model 2ML2 pumps for 14-d administration.
Minipumps, which provide continuous drug delivery beginning approximately 4 h after pump
implantation, were used to ensure the presence of drug in the animal throughout the study and
at the time of electrophysiological recording. Importantly, use of minipumps also eliminates
the need for repeated handling and injection of animals to administer the drug chronically.
Studies that have assessed effects of daily injection of vehicle while studying effects of AD
drugs have found that repeated injections constitute a stressful procedure. For example,
repeated vehicle injections have been observed to produce, in comparisons to no such
injections, (a) augmented tyrosine hydroxylase mRNA in LC neurons (Kuteeva et al., 2008)
well as elevated norepinephrine release in brain as measured by microdialysis (E. Abercrombie,
unpublished data), and (b) increased stress-sensitive tumour growth (Garabal et al., 1991).
Consequences of daily handling and injection were therefore avoided in the present study. Each
animal’s body weight was determined prior to pump implantation and the flow rate of
minipumps was used to compute the drug concentration loaded in the pump to achieve the dose
given to that rat. The different doses of these drugs administered (in mg/kg.d) were as follows :
Des (0.156, 0.31, 0.62, 1.25, 2.5, 5.0, 7.5, 10.0), Par (0.31, 0.62, 1.25, 2.5, 5.0, 10.0), Esc (2.5,
5.0, 10.0), and Mir (0.31, 0.62, 1.25, 2.5, 5.0, 7.5). In the two studies that employed younger
animals (i.e. aged 60 d and 45 d), a single dose of Mir (5.00 mg/kg.d) was used. For rats aged
60 d, the drug was administered for 14 d prior to electrophysiological recording as was done
with the 5- to 7-month-old rats. In the study using rats aged 45 d, the intent was to more closely
reproduce the conditions used by Haddjeri et al. (1997) in their study of the effects of Mir.
Therefore, drug was administered for 21 d before electrophysiological measurement, drug
delivery being accomplished by replacing the original 2ML2 pump on day 14 of drug
administration with a new 2ML2 pump; also, the amount of drug in the new pump was adjusted
for any weight gain over the first 14 d of drug delivery to maintain the 5.0 mg/kg.d dose for
each animal. Additionally, as done by Haddjeri et al. (1997), chloral hydrate anaesthesia (400
mg/kg i.p.) was used in the electrophysiological recording of these rats, which was also done
for the 60-d-old rats as well. Regarding the vehicle for drug delivery, Des was prepared in
distilled water; Par in 25% polyethylene glycol (PEG, MW 400), 50% DMSO, and 25%
distilled water; Esc in 25% PEG, 50% DMSO, and 25% distilled water acidified with 1.5
molecular equivalents of HCI, and Mir in 20% DMSO and 80% acidified water (one drop
glacial acidic acid added to each ml water). To ensure adequate delivery of Esc in view of its
solubility and vehicle-related issues, a further step was taken by delivering the drug into the
peritoneal cavity rather than subcutaneously. To accomplish this, the minipump was again
implanted subcutaneously as described below. In this case, however, a 15 cm length of silastic
tubing (0.04i.d.x0.085 0.d.) was attached onto the output of the minipump, which was covered
at this location by a 10 mm length of tygon tubing (0.02 i.d.x0.06 0.d.) to ensure a tight juncture
between the tubing and the minipump output. At 15 mm from the distal end of the length of
silastic tubing, a 3 mm piece of the larger silastic tubing (0.062 i.d.x0.095 o.d.) was placed
onto it forming a bulb at this location. The distal end of the silastic tubing, including the bulb,
was then introduced surgically into the peritoneal cavity and the abdominal wall sutured closed
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so that the bulb prevented the tubing from being withdrawn back into the subcutaneous space,
thereby enabling long-term delivery of drug from the pump into the peritoneal cavity. With
use of this technique, a delay of ~24 h occurred after surgery before drug extruded by the pump
filled the 15 cm length of tubing and began entering the peritoneal cavity. For each of the drugs
described above, a group of animals treated only with vehicle was included to establish the ‘no
drug’ level of LC electrophysiological activity. Pumps were implanted subcutaneously under
isoflurane anaesthesia in the dorsal rear flank region and the wound closed with stainless steel
clips ; details of this surgery can be found in West and Weiss (1998). Following surgery,
animals were returned to the home cage and not disturbed until removed for the
electrophysiological recording session.

For Mir, effects of acute drug administration on LC activity were also examined. This was
done by injecting either Mir (5.0 mg/kg) or vehicle i.p., and then assessing activity of LC
neurons beginning 10 min after the i.p. injection.

Four psychoactive drugs that are not effective AD treatments were also tested. Each of these
drugs was also delivered via subcutaneous mimipump (2ML2), and effects tested after 14 d of
administration, as with the AD drugs. The drugs were: scopolamine (Scop), an anticholinergic ;
chlorpheniramine (Cpa), an antihistamine; chlordiazepoxide (Cdz), a benzodiazepine
tranquillizer ; and amphetamine (Amph), a stimulant. For these drugs, it was not deemed
necessary to ascertain a dose—response relationship ; rather, the intention was to determine
whether an effective dose would produce a change in LC activity similar to what is seen with
ADs; therefore, a single dose of these drugs was tested. The doses given were (in mg/kg.d):
Scop, 2.0 ; Cpa, 10.0; Cdz, 2.0, and Amph, 2.0. The dose used was selected based on the same
criteria we have used previously in studies of drug effects (both of AD and non-AD drugs) in
which a single dose has been employed (e.g. Grant and Weiss, 2001; West and Weiss, 1998,
2005); i.e. a clearly effective dose of the drug on acute administration was selected and given
via minipump at that dose per day.

Electrophysiological recording

Recording of single-unit electrophysiological activity was performed under isoflurane
anaesthesia as described in Borsody and Weiss (1996); technical details of the recording
process can be found in that reference. Following anaesthesia and opening of the skull, a glass
micropipette was slowly lowered into the brain in the region of the LC until single-unit activity
was detected. Recording of LC neurons was verified by criteria described in various studies
(Aston-Jones and Bloom, 1981; Borsody and Weiss, 1996; Foote et al., 1980; Graham and
Aghajanian, 1971; Korf et al., 1974; Simson and Weiss, 1987); these criteria were: (a) a long-
duration action potential with a positive—negative waveform and a notch on the ascending
limb (see Figure 1a), (b) a spontaneous firing pattern of 0.1-3.5 Hz, and (c) elicitation of a
rapidly occurring succession of spikes (‘burst’ firing) followed by a period of quiescence (post-
stimulus inhibition) in response to application of a salient sensory stimulus (in this case,
compression of the contralateral hind paw) (see Figure 1b). When a single unit of stable
amplitude demonstrating these characteristics was isolated, spontaneous rate of firing was
recorded for 3 min, with activity during the last 2 min used to determine the spontaneous firing
rate for that unit. The magnitude of the sensory-evoked burst response of the neuron was then
measured. For this procedure, the paw was compressed for 1.0 s between the ends of a pair of
13.0 cm surgical forceps (Malony, curved end, Jarit Surgical Instrument Co., Plainsboro, NJ,
USA) by applying pressure midway along the forceps such that the opposite sides of the
forceps, at this midpoint, came into contact. Paw compression (PC) applied in this manner
reliably elicits a burst of action potentials in the anaesthetized rat, as shown Figure 1b. The
magnitude of the burst response (i.e. the number of spikes in a “burst’) has been shown to be
little affected by the intensity of the PC; rather, a burst will occur when the intensity of the PC

Int J Neuropsychopharmacol. Author manuscript; available in PMC 2009 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

West et al.

Page 5

exceeds the threshold needed to elicit a burst response, with the number of spikes in a burst
then determined by factors unrelated to PC intensity such as activation of receptors on the LC
neuron, resting potential of the cell, etc. (see Simson and Weiss, 1989). Moreover, application
of successive PCs has not been observed to produce sensitization. To determine the amount of
sensory-evoked burst firing by a unit, 10 PCs were applied, with each PC spaced at least 10 s
apart. Spikes occurring in the first 0.5 s of the PC were counted; this was done because almost
all sensory-evoked burst firing for both drug-treated and vehicle-treated animals took place
within the first 0.5 s of the PC (see Figure 1). The amount of sensory-evoked burst firing of a
unit was established by using the average of the 10 elicited bursts. It should be noted that while
drug administration was observed to affect the number of spikes in burst firing, drugs were not
observed to affect the rapidity of spikes occurring in a burst. Following the last of the 10 PC
applications, spontaneous activity was recorded for 1 min (to verify that the cell returned to its
normal baseline firing rate), after which the electrode was slowly moved to isolate another unit.
Whenever possible, several units (3-5) were recorded in this manner from an animal, but no
more than 5 units from any one animal.

Measurement of blood levels of AD drugs

To ascertain the level of the AD drugs in circulation at the time of electrophysiological
measurement, blood levels of these drugs were measured. Following the recording session,
animals were sacrificed by decapitation and trunk blood collected. Serum from samples was
maintained frozen at -80 °C until analysed. The levels of Des were determined by the method
of Mazhar and Binder (1989) and the levels of Par, Esc, and Mir determined by the method
described in Ritchie and Zhang (1996).

Statistical analysis

Results

Statistical analysis, which was performed on the activity of the individual units, was conducted
primarily by using one-way analyses of variance (ANOVA). If a significant main effect of
treatment (p<0.05) was obtained, the significance of the difference between any treatment
condition included in the analysis (either dose of drug or different drug) and the control
condition in that analysis (i.e. vehicle-treated) was then determined using Dunnett’s test. In
instances where only two conditions were included in the experiment (e.g. vehicle vs. drug),
statistical significance was determined by t test.

Desipramine

Paroxetine

Figure 2 shows the effects on spontaneous firing rate and sensory-evoked burst firing of LC
neurons of 14-d treatment with various doses of Des. Effects of eight doses of drug are shown
in comparison with the vehicle (Veh, no drug). One-way ANOVAS performed on these data
revealed a statistically significant effect of group (i.e. drug dose) for both spontaneous firing
rate [F(8, 164)=20.8, p<0.001] and sensory-evoked burst firing [F(8, 164)=15.1, p<0.001].
Subsequent comparisons of each drug to the vehicle condition (by Dunnett’s test) indicated
that both spontaneous firing rate and sensory evoked burst firing were significantly decreased
by Des at each dose of 1.25 mg/kg.d or higher. Mean blood levels of drug (ng/ml) present in
the animals at the end of the recording session are shown below the drug-dose designations in
the figure.

Figure 3 shows the effects on LC activity of 14 d treatment with various doses of Par. Effects
of six doses of drug are shown in comparison with vehicle. One-way ANOVAs performed on
these data revealed a statistically significant effect of group (i.e. drug dose) for both
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spontaneous firing rate [F(6, 203)=10.5, p<0.001] and sensory-evoked burst firing [F(6, 203)
=22.0, p<0.001]. Subsequent comparisons of each drug to the vehicle condition indicated that
both spontaneous firing rate and sensory evoked burst firing were significantly decreased by
Par at each dose of 0.625 mg/kg.d or higher. Mean blood levels of drug (ng/ml) present at the
end of the recording session are shown below the drug-dose designations in the figure.

Escitalopram

Mirtazapine

Figure 4 shows the effects on LC activity of 14-d treatment with various doses of Esc. Effects
of three doses of drug are shown in comparison with vehicle. One-way ANOVAs performed
on these data revealed a statistically significant effect of group (i.e. drug dose) for both
spontaneous firing rate [F(3, 116)=5.9, p< 0.002] and sensory-evoked burst firing [F(3, 116)
=10.8, p<0.001]. Subsequent comparisons of each drug to the vehicle condition indicated that
spontaneous firing rate was significantly decreased by Esc at 10.0 mg/kg.d while sensory-
evoked burst firing was decreased at both 5.0 and 10.0 mg/kg.d; neither measure showed a
difference from the vehicle condition at 2.5 mg/kg.d. Mean blood levels of drug (ng/ml) present
at the end of the recording session are shown below the drug-dose designations in the figure.

Figure 5 shows the effects on LC activity of 14-d treatment with various doses of Mir. Effects
of six doses of drug are shown in comparison with vehicle. One-way ANOVAs performed on
these data revealed a statistically significant effect of group (i.e. drug dose) for both
spontaneous firing rate [F(6, 309)=16.7, p<0.001] and sensory-evoked burst firing [F(6, 309)
=77.8, p<0.001]. Subsequent comparisons of each drug to the vehicle condition indicated that
both spontaneous firing rate and sensory-evoked burst firing were significantly decreased by
Mir at each dose of 1.25 mg/kg.d or higher. Mean blood levels of drug (ng/ml) present at the
end of the recording session are shown below the drug-dose designations in the figure.

To compare the findings reported directly above with those reported by Haddjeri et al.
(1997), effects of treatment with Mir at 5.0 mg/kg.d were also assessed in two groups of younger
rats (i.e. aged 60 d, 350-400 g and 45 d, 250-300 g body weight at the time of pump
implantation) in addition to the usual rats that were used throughout the present study (i.e. 550—
700 g body weight at the time of pump implantation). The results, which are shown in Figure
6a, indicate that 14-d drug treatment given to 60-d-old rats caused a significant decrease in
both spontaneous firing rate and sensory-evoked burst firing of LC neurons compared with the
vehicle-infused rats (t=2.8, p<0.01 and t=10.0, p<0.001 respectively). Thus, the effects in these
rats were similar to what occurred in adult rats aged 5-7 months. This was not the case when
45-d-old rats were treated with Mir for 21 d. In these animals, drug treatment resulted in no
significant changes in LC firing rate. Mean spontaneous firing rate was similar in drug- and
vehicle-treated animals (t=0.14, n.s.). Sensory-evoked burst firing also was not significantly
different (t=0.70, n.s.). Below the bars in the figure denoting firing rates are shown the blood
levels of Mir present in these two groups of animals at the conclusion of the recording session.
Figure 6b shows these blood levels in relation to the blood levels found in rats aged 5-7 months.
Comparing the different age groups that had received 5.0 mg/kg.d, the mean blood level of rats
aged 60 d (350-400 g) and 45 d (250-300 g) was marked, and significantly, lower than that of
the rats aged 57 months (t=5.19, p<0.001, and t=8.93, p<0.001 respectively), while the
difference between the two younger groups did not reach statistical significance (t=1.22, n.s.).

Finally with respect to Mir, insofar as this drug blocks o, adrenergic receptors (de Boer,
1996; de Boer et al., 1988; Nutt, 1997), acute administration of the drug could be anticipated
to increase rather than decrease LC activity (Aghajanian and VVandermaelen, 1982; Cedarbaum
and Aghajanian, 1976; Simson and Weiss, 1987). We therefore assessed the effect of acute
administration (by i.p. injection) of Mir (5.0 mg/kg; rats used were, as usual, aged 5-7 months).
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

West et al.

Page 7

The results are shown in Figure 7. When, in animals that had not been given any drug
previously, recording of LC activity took place shortly after injection of 5.0 mg/kg Mir, LC
activity was significantly increased compared to LC activity after acute injection of vehicle;
this was seen for both spontaneous firing rate (t=5.83, p<0.001) and sensory-evoked burst firing
(t=4.37, p<0.001).

Non-AD drugs

Figure 8 shows the effects on LC activity of 14-d treatment with Amph, Cdz, Scop, and Cpa.
A single dose chosen as described in the Methods section was tested for each of these drugs.
The one-way ANOVA analysing spontaneous firing rate failed to show a statistically
significant effect of group (i.e. drug type) [F(4, 117)=0.6, n.s.], thus indicating that the drugs
tested did not significantly alter spontaneous activity. However, the analysis of sensory-evoked
burst firing showed a significant effect of group [F(4, 117)=3.2, p<0.02]. Post-hoc comparison
of each of the drug-treated conditions to the vehicle-treated condition revealed that animals
given Cdz showed a significant increase in sensory-evoked burst firing, and that animals given
Scop also showed an increase that approached statistical significance (p=0.052).

Discussion

The results described above revealed that chronic administration of the ADs tested — Des, a
tricyclic, Par and Esc, two SSRIs, and Mir, an atypical AD — decreased both spontaneous
firing rate and sensory-evoked burst firing in a dose-dependent manner. For each of these drugs,
testing included a low dose that did not affect LC activity as well as progressively higher doses
that did have this effect. The tricyclic and SSRI drugs used were chosen for being highly potent
and/or selective in blocking either norepinephrine (NE) or serotonin (5-HT) reuptake sites and
thus were selected to determine whether chronic blockade of either NE or 5-HT transporters
would result in a decrease in LC activity. Des has been found to be highly specific in blocking
NE reuptake, with little or no direct effect on 5-HT or dopamine (DA) reuptake sites (Bolden-
Watson and Richelson, 1993; Richelson and Pfenning, 1984). Par is amongst the most potent
ADs in blocking 5-HT reuptake (Bolden-Watson and Richelson, 1993); however, Par at
therapeutically effective doses has been reported also to block NE reuptake sites (reviewed in
Owens and Nemeroff, 2003). Consequently, in addition we tested Esc which blocks 5-HT
reuptake while having little capacity to bind to NE transporters and thus is highly selective for
blocking 5-HT reuptake (Owens et al., 2001; Sanchez et al., 2003). The results described here
therefore show that AD drugs that are highly selective for blocking either NE or 5-HT reuptake
will produce a decrease in LC activity, both for spontaneous firing rate and sensory-evoked
burst firing, when administered chronically as is done in a therapeutically effective regimen.
We do not here reiterate discussion of the mechanisms by which blockade of NE and 5-HT
reuptake produces this effect on LC activity ; this has been discussed previously by us (Grant
and Weiss, 2001) as well as others (Szabo and Blier, 2001b).

In addition to drugs that produce potent and selective blockade of noradrenergic and
serotonergic reuptake, the effect of chronic administration of Mir was also tested across a range
of doses. Perhaps the most significant challenge to the possibility that all effective AD drugs
will decrease LC activity is posed by Mir and mianserin. These two drugs have been found to
block oy receptors (de Boer, 1996; de Boer et al., 1988; Nickolson et al., 1982; Nutt, 1997;
Sambunaris et al., 1997). Because an apparently tonic inhibitory influence on LC activity is
exerted via stimulation of ay receptors located on the cell bodies of LC neurons, blockade of
o receptors increases LC activity. Acute administration of drugs that possess the capability to
block oy receptors consistently has been found to increase LC electrophysiological activity,
especially increasing sensory-evoked burst firing but also increasing spontaneous firing rate
at higher doses (Cedarbaum and Aghajanian, 1976; Freedman and Aghajanian, 1984; Simson
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and Weiss, 1987, 1989). However, effects on LC activity from chronic administration of drugs
that block a receptors, and particularly the effects of such drugs that are ADs (i.e. Mir and
mianserin), are less clear. In the course of testing effects of chronic (21-d) administration of
Mir on the serotonergic function, Haddjeri et al. (1997) reported a small but statistically
significant increase in spontaneous firing rate of LC neurons. On the other hand, Valentino and
colleagues reported that chronic administration of mianserin resulted in no change in LC
activity (Curtis and Valentino, 1991); moreover, inspection of their data reveals that animals
that received drug showed a reduction in spontaneous and sensory-evoked burst LC firing in
comparison to the control animals that received a similar schedule of vehicle injections. Finally,
in a human study of direct relevance, Mendlewicz et al. (1982) reported that therapeutic
administration of mianserin in treatment of depression produced a significant decrease in the
noradrenergic metabolite 3-methoxy-6-hydroxyphenylglycol (MHPG) in cerebrospinal fluid,
suggesting that NE release in brain, 70% of which originates from LC terminals, was reduced
in patients given the drug; these data point to reduced LC activity in human patients taking
mianserin.

We therefore examined the effect of chronic (14-d) administration of Mir. We focused on Mir
because it is in widespread use in the USA whereas mianserin is not licensed for use here. The
chemical structure of Mir and mianserin are the same except for a difference at one position
on the molecule, mianserin having a methine group at this location while Mir has a nitrogen
(Kelder et al., 1997). Both drugs possess essentially the same affnity to bind to «, receptors,
but do show a number of other distinct functional differences (de Boer, 1996; de Boer et al.,
1988; Kelder et al., 1997). The results, shown in Figure 5, clearly indicated that 14-d
administration of Mir produced a reduction in LC activity, both in spontaneous firing rate and
sensory-evoked burst firing. The effect of this drug seemed sufficiently important to define
that we attempted to repeat the procedure used by Haddjeri and colleagues who had seen a
small increase in LC spontaneous firing rate when they administered Mir chronically. In
contrast to the particular conditions we had used for the study reported here, Haddjeri and
colleagues employed considerably smaller rats (250-300 g) and also administered the drug
(5.0 mg/kg.d, by minipump) for a slightly longer period (21 d). They also used chloral hydrate
as the anaesthetic in measuring LC electrophysiological activity rather than isofluorane which
we used for the data reported in the present study. Therefore, we first tested rats that were
considerably smaller than those used throughout the research reported here (i.e. average body
weight 367.5+8.7 g at pump implantation vs. 550—-700 g normally used in present studies) and
performed the electrophysiological measurements under choral hydrate anaesthesia. For this
initial study, measurement was made after 14 d of drug administration (5.0 mg/kg.d) as in the
main part of the present study. When this was done, we still found that Mir produced a notable
reduction in LC activity. However, the blood levels of Mir were markedly lower in these smaller
(younger) rats than had been found in our normally used, larger rats. We then approximated
the conditions employed by Haddjeri et al., testing rats of still smaller size (280.8+5.5 g at
pump implantation), administering drug (via minipump) for 21 d (5.0 mg/kg.d), and carrying
out electrophysiological measurement under chloral hydrate anaesthesia. When this was done,
Mir treatment was found not to produce a decrease in LC activity, and this lack of effect was
accompanied by blood levels of Mir that were even lower than in the previous study (see Figure
6). As an additional step, we tested effects of Mir administered acutely to determine whether
we would obtain an increase in LC activity when such an effect clearly should occur. Acute
administration produced a clear increase in LC activity, so it was apparent that our measurement
conditions are not biased against seeing increases in LC activity. Our conclusion is as follows:
although we did not see an actual increase in LC activity as did Haddjeri and colleagues, our
results indicate that young (and small) rats, as they used, metabolize Mir with considerably
greater efficiency than do older (and larger) rats, and blood levels of the drug can be appreciably
lower in young/small rats than in older/larger rats given the same initial dose of drug.
Coincident with this, effects of chronic administration of Mir on LC activity were very much
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diminished in young/small rats (i.e. 250-300 g) — administration of 5.0 mg/kg.d of Mir for
21 d failed to cause a decrease in LC activity of such animals. We speculate that the small
increase seen by Haddjeri et al. occurred in conjunction with a similar low blood level but in
that case chronic Mir administration was even less effective than we observed in small/young
rats and therefore failed to completely blunt the increase in LC activity normally observed from
acute administration of Mir. As a final note, this aspect of our study indicates that the use of
young/small rats in examining drug action may well yield results that are quite different from
what will be seen if mature older and larger rats are used.

Table 1 shows a summary of the findings of the different studies that have examined the
influence of chronic administration of effective AD drugs or electroconvulsive shock on the
activity of LC neurons recorded in vivo, including the findings described in this report.

In addition to testing ADs as described above, the effect on LC activity of four drugs that are
not ADs was also examined. Effects of chronic administration (14-d) of Scop, an
anticholinergic (muscarinic receptor antagonist), Cpa, an antihistamine, Cdz, a benzodiazepine
tranquillizer, and Amph, a stimulant, were examined, using a dose that is effective on acute
administration. None of these drugs decreased either spontaneous firing rate or sensory-evoked
burst firing of LC neurons; in one case, a significant increase in sensory-evoked burst firing
was observed (Cdz). These results indicate that the decrease in LC activity brought about by
AD drugs is at least to some extent specific to the action of ADs. Additionally, insofar as the
anticholinergic and antihistamine tested did not decrease LC activity, the findings also indicate
that these concomitant actions of various AD drugs (e.g. see Frazer, 1997) are not responsible
for the decrease in LC activity produced by ADs.

The electrophysiological findings reported previously and described here are not the only
results supporting the idea that effective AD drugs decrease LC activity. In a comprehensive
study in rats, Nestler and colleagues assessed the effect of a variety of AD drugs and
electroconvulsive shock on tyrosine hydroxylase (TH) in LC neurons, and found that all of
these AD treatments they tested decreased the amount of TH in LC neurons (Nestler et al.,
1990). Insofar as synthesis of TH is activity dependent, decreased TH in LC cells indicates that
the AD treatments reduced activity of these neurons. Additionally, a significant body of
research exists consisting of studies in which MHPG has been measured in CSF of human
depressed patients treated with various AD drugs. In our previous paper, we listed 16 studies
(see table 4 in Grant and Weiss, 2001) that reported findings for this measure. The results are
remarkably consistent (i.e. no exceptions) in showing that MHPG in CSF is reduced in patients
taking AD medications. Insofar as most of the norepinephrine released in brain derives from
terminals on LC neurons, this measure also indicates that LC activity is reduced by AD
treatments. Thus, assessment of a measure that reflects LC activity in human patients
undergoing AD drug treatment points to the same changes in LC activity as are seen in rats
given AD drugs.

In concluding the discussion of how LC activity is affected by treatments for affective
disorders, it is interesting to note that treatments for reducing mania appear to have an effect
opposite to what is described above, i.e. results suggest these treatments increase LC activity.
Drugs that are effective in treating bipolar disorder, such as valproate, have been reported to
increase TH in LC neurons (Olpe et al., 1983; Sands et al., 2000), and carbamazapine was
found to increase LC firing measured electrophysiologically (Olpe and Jones, 1983).
Olanzapine and the combination of olanzapine and fluoxetine, approved for the treatment of
bipolar disorder, increase TH in LC (Ordway and Szebeni, 2004) and also LC activity (Seager
etal., 2005). Thus, itis interesting to note that whereas effective treatments to reduce depression
decrease LC activity, treatments to reduce mania may have the opposite effect on the LC
activity.
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A major reason for examining the response of LC neurons to different doses of the ADs studied
here was the high blood levels of drug found in our previous report (Grant and Weiss, 2001).
In that report, blood levels for both the tricylic ADs tested [Des, imipramine (10 mg/kg.d)] as
well as the SSRIs [fluoxetine (10 mg/kg.d) and sertraline (10 and 25 mg/kg.d)] were quite high
and generally above the accepted therapeutic range; consequently, it was unclear whether
decreased LC activity indeed characterized the response to effective ADs or whether this might
be seen only with blood levels of drug above the therapeutic range. The results reported here
make clear that decreased LC firing as a consequence of chronic administration of AD drugs
is not the result of abnormally high blood levels of drug. Decreased LC activity was seen with
all of the drugs tested at blood levels of drug that are considered to be therapeutic in humans
for the various drugs used. However, it also should be noted that decreased LC activity was in
fact seen at blood levels that were lower than levels indicated to be therapeutic in humans,
suggesting that decreased LC activity can occur at low and possibly non-therapeutic levels of
these drugs studied. In evaluating this last statement, two points need to be taken into
consideration. First, it is not known whether therapeutic blood levels for the rat (i.e. levels that
will produce behavioural and physiological effects relevant to AD action) are the same as for
the human, and thus it cannot be said with certainty that the low blood levels at which decreased
LC was observed in the rat represent ‘non-therapeutic’ levels for this species. Second, the
studies conducted here were performed in normal animals, whereas ‘depressed’ animals would
be expected to have higher LC activity and therefore could well require higher blood levels of
drug to reduce their LC firing rates. However, with these caveats having been noted, it is
nevertheless evident that the findings presented in this report, while demonstrating that all
drugs tested decreased LC activity, do not indicate that the presence of a statistically significant
decrease in LC activity is correlated with a blood level of drug that in humans is required to
produce an AD effect.

To summarize, the findings reported here continue to indicate that chronic administration of
all AD drugs examined to date, as well as electroconvulsive shock, results in a reduction in the
activity of LC neurons. Results reported here show that this occurs with drugs that are highly
specific for blocking either NE or 5-HT reuptake, and, importantly, with a drug that blocks
o adrenergic receptors (Mir) and therefore might have been conjectured to produce an increase
rather than a decrease in LC activity. Also of importance, decreased LC activity is seen at blood
levels of drug where, in humans, therapeutic AD effects are observed. However, reduction of
LC activity was also seen at blood levels of drug below the human therapeutic range. But
insofar as extrapolation of the present data to effective blood levels in human patients is of
course complicated by the use of normal (i.e. non-depressed) rats in the studies reported here,
it therefore remains to be determined whether the reduction in LC activity produced by AD
drugs is or is not correlated with blood levels of drug that produce a therapeutic response in
human patients.
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Figure 1.

(a) A typical positive—negative action potential waveform, with a notch on the ascending limb,
of a locus coeruleus (LC) neuron (bar, 1.0 ms). (b) The typical response of an LC neuron to
brief (1 s) paw compression (PC) of the contralateral paw. Application and duration of the PC
is marked by the time bar (1.0 s). Note that before PC the cell fires at a slow, regular rate in
the isofluane-anaesthetized animal (spontaneous firing), and that a marked increase in firing
occurs when the PC is applied (sensory-evoked burst firing) followed by a period of quiescence
(post-stimulus inhibition).
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Figure 2.

(a) Spontaneous firing rate and (b) sensory-evoked burst firing of LC neurons with
administration of vehicle (Veh) or different doses of desipramine (Des) for 14 d via
subcutaneous minipump. Des doses ranged from 0.156 to 10.0 mg/kg.d. Means and standard
errors are shown. Sensory-evoked burst firing shows the rate based on the number of spikes in
the first 0.5 s of a compression of the paw contralateral to the LC from which recording was
being made. Numbers of cells comprising the means shown were (for ascending doses): 22,
25, 16, 16, 16, 16, 16, 30, 16; numbers of animals assessed were: 5, 6, 4, 4,5, 5,4, 6, 5. *
Indicates differs significantly (at least p<0.05) from Veh. Below panel (a) is shown the
corresponding mean (£se) blood levels of Des measured at each dose (n.d.=value too low to
be reliably detected and quantified). Therapeutic range reported for Des in humans is 75-300
ng/ml plasma (compiled from Gutteck and Rentsch, 2003; Orsulak, 1986; Preskorn, 1989; Van
Brunt, 1983).
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Figure 3.

(a) Spontaneous firing rate and (b) sensory-evoked burst firing of LC neurons with
administration of vehicle (\Veh) or different doses of paroxetine (Par) for 14 d via subcutaneous
minipump. Par doses ranged from 0.31 to 10.0 mg/kg.d. All details are the same as described
in Figure 2 legend. Numbers of cells comprising the means shown were (for Veh and ascending
doses): 25, 25, 35, 35, 35, 20, 35; numbers of animals assessed were: 5,5,7,7,7,4,7.*
Indicates differs significantly (at least p<0.05) from Veh. Blood levels measured for each dose
of Par are shown below panel (a); details as in Figure 2 legend. Therapeutic range reported for
Par in humans is 40-120 ng/ml plasma (compiled from Baumann et al., 2004;Devane,
1999;Preskorn, 1997;Rasmussen and Brgsen, 2000).
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o (a) Spontaneous firing rate and (b) sensory-evoked burst firing of LC neurons with
> administration of vehicle (Veh) or different doses of escitalopram (Esc) for 14 d via
:g subcutaneous minipump. Esc doses ranged from 2.5 to 10.0 mg/kg.d. All details the same as
= described in Figure 2 legend. Numbers of cells comprising the means were (for Veh and
) ascending doses): 30 cells in each condition; number of animals assessed in each condition
= (n=6). * Indicates differs significantly (at least p<0.05) from Veh. Blood levels measured for
% each dose of Esc are shown panel (a); details as in Figure 2 legend. Therapeutic range reported
= for Esc in humans is 15-50 ng/ml plasma (compiled from Foglia et al., 1997; Nikisch et al.,
@) 2004,2005;Reis et al., 2003;Sidhu et al., 1997).
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o (a) Spontaneous firing rate and (b) sensory-evoked burst firing of LC neurons with
> administration of vehicle (Veh) or different doses of mirtazapine (Mir) for 14 d via
:g subcutaneous minipump. Mir doses ranged from 0.31 to 7.5 mg/kg.d. All other details the same
= as described in Figure 2 legend. Numbers of cells comprising the means shown were (for Veh
S and ascending doses): 50, 35, 35, 47, 50, 47, 50; numbers of animals assessed were: 10, 7, 7,10,
< 10, 10, 10. * Indicates differs significantly (at least p<0.05) from Veh. Blood levels measured
% for each dose of Mir are shown below panel (a); details as in Figure 2 legend. Therapeutic
= range reported for Mir in humans is 15-50 ng/ml plasma (compiled from Bruijn et al.,
= 1996;Grasméder et al., 2004;Murphy et al., 2003; Timmer et al., 2000).
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(a) Spontaneous firing rate and sensory-evoked burst firing of LC neurons with administration
of vehicle (Veh) or mirtazapine (Mir) (5.0 mg/kg.d) via subcutaneous minipump for rats aged
14-60 d (350-400 g body weight at pump implantation) and for rats aged 21-45 d (250-300
g at pump implantation). Chloral hydrate was used as anaesthetic for these younger rats. All
other details the same as described in Figure 2 legend. Number of cells comprising each mean
shown was 25; number of animals assessed in each group (n=>5). * Indicates differs significantly
(at least p<0.05) from Veh. Blood levels of Mir are shown below panel (a). (b) Mean (£se)
blood levels for all standard animals (i.e. rats aged 5—7 months, 550-700 g body weight) treated
with Mir as a function of the dose given (), as well as the mean (+se) blood level of Mir for
the two groups of younger rats (o, 60 d at 14 d of drug treatment; A, 45 d at 21 d of drug

treatment) when given 5.0 mg/kg.d.
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Figure 7.

(a) Spontaneous firing rate and (b) sensory-evoked burst firing of LC neurons with
administration of vehicle (Veh) or mirtazapine (Mir) (5.0 mg/kg) by intraperitoneal (i.p.)
injection followed by electrophysiological recording beginning 10 min later. All details the
same as described in Figure 2 legend. Rats in this study had not been treated with any drug
prior to i.p. injection. Number of cells comprising means was Veh (n=32), and Mir (n=34);
number of animals assessed in each group (n=7). * Indicates differs significantly (at least
p<0.05) from Veh.
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Figure 8.

(a) Spontaneous firing rate and (b) sensory-evoked burst firing (right) of LC neurons with
administration of four psychoactive drugs that are not effective antidepressant treatments for
14 d via subcutaneous minipump. Drugs and doses given were amphetamine (Amph, 2 mg/
kg.d), chlordiazepoxide (Cdz, 2 mg/kg.d), scopolamine (Scop, 2 mg/kg.d) and
chlorpheniramine (Cpa, 10 mg/kg.d). All details the same as described in Figure 2 legend.
Numbers of cells comprising the means for Vehicle (Veh) and drugs respectively as shown
above: 22, 25, 25, 25, 25; numbers of animals assessed in each condition (n=5). * Indicates
differs significantly (at least p<0.05) from Veh.
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Effects of chronic treatment (>1 wk) with antidepressant drugs or a series of electroconvulsive shocks on spontaneous
and sensory-evoked firing rate of locus coeruleus neurons

Spontaneous

Evoked

Tricyclics Desipramine | Huang et al. (1980)
1 McMillen et al. (1980)
— Valentino et al. (1990) — Valentino et al. (1990)
| Grant and Weiss (2001) | Grant and Weiss (2001)
| West et al. (present study)d | West et al. (present s.tudy)d
Imipramine | Svensson and Udsin (1978)
| Linnér et al. (1999) | Grant and Weiss (2001)
| Grant and Weiss (2001)
NRI Reboxetine | Szabo and Blier (2001c)
MAOI Phenelzine | Blier and de Montigny (1985)
| Valentino and Curtis (1991) ? Valentino and Curtis (1991)a
| Grant and Weiss (2001) | Grant and Weiss (2001)
SSRI Sertraline —| Valentino et al. (1990)° — Valentino et al. (1990)
| Grant and Weiss (2001) | Grant and Weiss (2001)
Paroxetine | Szabo et al. (1999)
| West et al. (present study)d | West et al. (present study)d
Citalopram | Szabo et al. (1999)

Escitalopram

| West et al. (present study)d

| West et al. (present s.tudy)d

Fluoxetine | Grant and Weiss (2001) | Grant and Weiss (2001)
| Seager et al. (2004) | Seager et al. (2004)
Atypical Mianserin —7? Curtis and Valentino (:L991)C —7? Curtis and Valentino (1991)C
Mirtazapine 1 Haddjeri et al. (1997) | West et al. (present study)d
| West et al. (present study)d
Venlafaxine | Béique et al. (2000)
Milnacipran | Mongeau et al. (1998)

ECS

| Grant and Weiss (2001)

| Grant and Weiss (2001)

NRI, Norepinephrine reuptake inhibitors; MAOI, monamine oxidase inhibitors; SSRI, selective serotonin reuptake inhibitors; ECS, Electroconvulsive
shock.

The firing rate shown by animals receiving drug or electroconvulsive shock in comparison with animals not receiving such treatment was: |, decreased;
1, increased; —, unchanged.

a . .
Evoked response assessed, but results not reported for this measure. Report presents only the ratio of evoked to spontaneous rate; because spontaneous
rate was decreased by phenelzine, effect on evoked rate could not be determined from data presented.

Spontaneous firing rate of sertraline-treated rats was not different from untreated rats but was significantly lower than that of rats that received a similar
schedule of injections of vehicle.

Spontaneous and evoked firing rates of mianserin-treated rats were not different from untreated rats but were less than that of rats that received a similar
schedule of injections of vehicle; however, the statistical significance of the comparison of these rates in mianserin-treated rats with vehicle-treated rats
was not presented (see Curtis and Valentino, 1991, fig. 4, p. 334).

d ) .
Dose—response defined. Doses tested included a low dose that produced no decrease.
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