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Abstract
Activity of locus coeruleus (LC) neurons and release of the peptide galanin (GAL), which is
colocalized with norepinephrine (NE) in LC neurons, has been implicated in depression and,
conversely, in antidepressant action. The present study examined the influence of chronic
administration (for 14 days, via subcutaneously-implanted minipump) of antidepressant (AD)
drugs representing three different classes (tricyclic [desipramine], selective serotonin reuptake
inhibitor [SSRI] [paroxetine], and monoamine oxidase inhibitor [MAOI] [phenelzine]) on mRNA
for GAL, GAL receptors (GalR1, R2, and R3), and tyrosine hydroxylase (TH), the rate-limiting
enzyme for NE synthesis, in four brain regions – LC, A1/C1, dorsal raphe (DRN), and ventral
tegmentum (VTA) of rats. Consistent with previous findings that chronic administration of AD
drugs decreases activity of LC neurons, administration of AD drugs reduced mRNA for both GAL
and TH in LC neurons. GAL and TH mRNA in LC neurons was highly correlated. AD drugs also
reduced GAL and TH mRNA in A1/C1 and VTA but effects were smaller than in LC. The largest
change in mRNA for GAL receptors produced by AD administration was to decrease mRNA for
GalR2 receptors in the VTA region. Also, mRNA for GalR2 and GalR3 receptors was
significantly (positively) correlated in all three predominantly catecholaminergic brain regions
(LC, A1/C1, and VTA). Relative to these three brain regions, unique effects were seen in the DRN
region, with the SSRI elevating GAL mRNA and with mRNA for GalR1 and GalR3 being highly
correlated in this brain region. The findings show that chronic administration of AD drugs, which
produces effective antidepressant action, results in changes in mRNA for GAL, GAL receptors,
and TH in brain regions that likely participate in depression and antidepressant effects.
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INTRODUCTION
The locus coeruleus (LC), the principal noradrenergic cell group in the brain, has been
implicated in the pathophysiology of depression since the catecholamine hypothesis of
depression was proposed in the 1960s (Bunney and Davis, 1965; Schildkraut, 1965;
Schildkraut and Kety, 1967). Research suggests that activity of LC neurons is elevated in
depression; evidence supporting this has been observed in clinical studies (e.g., Ordway et
al., 1994; Wong et al., 2000; Ehnvall et al., 2003) as well as in preclinical investigations that
have examined neurobiological changes in animal models of depression (Weiss, 1981;
Simson and Weiss, 1988; Stone et al., 2009; 2011). Consistent with this, the converse also
appears to be the case – namely, that LC activity is reduced when effective antidepressant
(AD) therapy is applied. The data supporting this similarly derives from preclinical studies
with animals (for a summary of effects of antidepressant treatments on electrophysiological
measurement of LC activity, see Table 1 in West et al., 2009; also Nestler et al., 1990) as
well as clinical studies that have observed reductions in the noradrenergic metabolite 3-
methoxy-6-hydroxyphenylglycol (MHPG) in cerebrospinal fluid of patients undergoing AD
treatment (for summary, see Table 4 in Grant and Weiss, 2001).

However, a notable inconsistency in relating heightened activity of LC neurons to
depression (and, by extension, diminution of LC activity to recovery from depression) is that
the most apparent consequence of heightened LC activity would be increased release of
norepinephrine (NE) in the brain, and the evidence linking the behavioral changes seen in
depression to perturbations of NE in the brain is tenuous. Reviewing basic research relating
symptoms of depression to changes in noradrenergic activity in the brain reveals that
experimental alterations in brain NE can affect behaviors such as motor activity,
investigatory behavior, social interaction, and sleep (e.g., Stone and Medlinger, 1974; Carey,
1976; Delini-Stula et al., 1984; Eison et al., 1977; Kaitin et al., 1986), but the changes in
these behaviors resulting from profound perturbations of NE are often small, variable, and
depend upon specific testing conditions for changes to be seen (e.g., Amaral and Sinnamon,
1977; Carli et al., 1983; Crow et al., 1978; Robbins et al., 1989; Robinson et al., 1977). In
contrast, alteration of brain dopamine (DA) appears to have much more impact on behaviors
related to depression. Lesions of DA pathways in the brain and/or introduction of DA
agonists and antagonists into DA-rich regions of the forebrain (i.e., striatum and nucleus
accumbens), as well as measurement of DA metabolism in these brain regions, consistently
shows that changes in DA have major effects on motor activity, alimentary behavior, and
reward/hedonic processes (e.g., Pijnenburg and van Rossum, 1973; Mogenson and Nielsen,
1984; Museo and Wise, 1990; Ungerstedt, 1971; Stricker and Zigmond, 1984; Yokel and
Wise, 1975; Stellar and Stellar, 1985; Robbins et al., 1989). Thus, basic research
investigating the relationship between monoamines in the brain and behavioral responses
relevant to depression points to DA as being potentially important in depression, and much
more so than NE.

In view of the foregoing, the challenge in addressing the neurobiological basis for
depression relative to LC could be viewed as the need to integrate elevated activity of LC
neurons with dopaminergic mediation of the behavior affected in depression. A potential
resolution can be derived from a report by Grenhoff, Svennson, and colleagues in 1993
(Grenhoff et al., 1993). These investigators presented data indicating that “burst” firing of
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LC neurons (i.e., rapid firing of LC) will release galanin (GAL) from terminals on axons of
LC neurons projecting to the ventral tegmental area (VTA), and that the hyperpolarizing
influence of GAL on DA cell bodies in the VTA will decrease the activity of these DA
neurons. This finding gave rise to the formulation that the hyperactivity of LC neurons
observed in depression might bring about such depression-related responses by decreasing
the neural activity of dopaminergic cell bodies in the VTA as the result of GAL released
from LC-derived terminals in the VTA (Weiss et al., 1996; 1998).

We have tested the formulation described just above in a number of ways. First, GAL
microinfused into VTA of rats brought about a reduction in their motor activity in both the
home cage and in a Porsolt-type swim test (Weiss et al., 1998; see also Kuteeva et al., 2008
and Mitsukawa et al., 2009). Second, after depressed motor activity was produced in rats by
exposing them to a highly stressful event, blockade of GAL receptors in their VTA by
microinfusion of the antagonist galantide into VTA hastened recovery from this stress-
induced behavioral depression (Weiss et al., 2005). Third, and of most interest for the
research presented here, we have tested the converse of the formulation described above. As
indicated earlier, effective AD treatments decrease activity of LC neurons. If this reduction
in LC activity indeed decreases GAL release from LC axon terminals in VTA and thereby
releases VTA-DA neurons from GAL-mediated inhibition, then effective AD treatments
should increase VTA-DA neuronal activity. We have recently reported (West and Weiss,
2011) that chronic administration of six AD drugs (two tricyclics, three SSRIs, one SNRI,
and one NDRI) as well as electroconvulsive shock produces an increase in VTA-DA
neuronal activity, with the most consistent effects on spontaneous firing rate but also
increasing burst firing in some instances; only the monoamine oxidase inhibitor tested,
which will, by its biochemical action, increase extracellular DA and thereby directly inhibit
VTA-DA neuronal activity (e.g., Adell and Artigas, 2004), did not have this effect. An
increase in VTA-DA neuronal activity resulting from chronic administration of DMI
(Chiodo and Bunney, 1983) and SSRIs (Sekine et al., 2007) also has been reported
previously.

In the investigation reported here, we sought to further examine the formulation described
above. Insofar as therapeutic administration of AD drugs (i.e., chronic treatment) decreases
LC activity, the anticipated effect of this would be to decrease activity-dependent peptides in
LC neurons, predominantly tyrosine hydroxylase (TH) and also GAL. A decrease in GAL in
LC neurons would appear to subserve the function of decreasing GAL release in VTA to
reduce an inhibitory influence on VTA-DA neurons. As a first step in assessing this, we
report here measurement of mRNA for GAL and TH in LC neurons resulting from chronic
administration (for 14 days) of three different AD drugs – a tricyclic (desipramine, DMI), an
SSRI (paroxetine, PAR), and a monoamine oxidase inhibitor (phenelzine, PHE).
Additionally, to possibly assess effects on stimulation of GAL receptors in VTA, mRNA for
galanin type 1, 2, and 3 receptors was also measured. Measurement of these mRNAs was
made in LC and VTA; however, these measures were also made in cells of the dorsal raphe
(DRN) and ventrolateral medulla (A-1, C-1 cell body region) as these brain regions contain
serotonergic and catecholaminergic cell bodies of interest. In all of these brain regions GAL
is colocalized in neurons containing monoamine transmitters (Melander et al., 1986; Hökfelt
et al., 1987; Xu and Hökfelt, 1997), and the three types of GAL receptor have also been
identified in these brain regions (Smith et al., 1998; O’Donnell et al., 1999; Waters and
Krause, 2000; Branchek et al., 2000).
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MATERIALS AND METHODS
Subjects

Sprague-Dawley male rats were used for this study. A total number of 36 animals were used
for this experiment. Subjects were mature adult rats aged 5-7 months at the time of the
experiment. Prior to inclusion in the experiment and throughout the experimental period
(i.e., drug administration), animals were group housed 2-3 per cage. They were maintained
on a 12:12 light:dark cycle at a temperature of approximately 21°C with laboratory chow
and water available ad libitum.

Groups and Drugs
Rats were allocated to four groups of eight rats each. Three groups each received a different
AD drug. The three AD drugs represented three major types of AD medication: a
monoamine oxidase inhibitor, phenelzine (PHE), a tricyclic AD, desipramine (DMI), and an
SSRI, paroxetine (PAR). A fourth group (VEH), also with eight rats, was the non-drug
group, and received the vehicle in which the drugs were dissolved. The rats in the four
groups were matched for age and body weight. The mean body weight (and standard error)
of the groups at the time drug administration began was: PHE, 710.6 ± 23.4 grams (g); DMI,
707.2 ± 27.7 g; PAR, 690.8 ± 33.0 g; and VEH, 710.1 ± 23.6 g. PHE and DMI were
dissolved in distilled water. PAR was dissolved in 50% dimethyl sulfoxide (DMSO), 25%
polyethylene glycol (PEG), and 25% distilled water due to its low solubility in water alone.
For the VEH group, half of the rats received distilled water as the vehicle and half received
the vehicle used for PAR (DMSO, PEG, and distilled water). Following sacrifice of all
animals described above, four additional rats were added to the study when it became
evident that some rats in the DMI group had experienced problems with drug delivery via
the implanted minipump; three of these additional rats were given DMI dissolved in a 0.85%
saline solution and one received the saline VEH. Drug doses used in this study were 5 mg/
kg/day for PHE and 10mg/kg/day for both DMI and PAR. The doses were chosen based on
previous studies that have shown both robust AD behavioral changes (e.g., West and Weiss,
2005) as well as effects on LC electrophysiology (West et al., 2009) by administration of
these drugs at these doses given via minipump.

Osmotic Minipump Implantation
The drugs were administered via model 2ML2 Osmotic Minipumps (Durect Corp.,
Cupertino, CA). Osmotic minipumps were chosen for AD delivery because they slowly
release drug over 14 days, thus eliminating the stress animals would experience by daily
injections of the AD (Garabal et al., 1991). The surgical procedure was performed by
guidelines set forth by the IACUC committee at Emory University. Animals were
anesthetized by inhaling isoflurane (3%), and were maintained under isoflurane anesthesia
through the minipump implantation procedure. The lower back was shaved and swabbed
with 70% ethanol. A 1-2 cm incision was made in the lower back and the minipump
containing either drug or vehicle was placed into the subcutaneous pocket. For the PAR
group, the minipump was inserted subcutaneously and a tube leading from the outflow of the
pump was then inserted into the intraperitoneal cavity through a small incision where it was
fixed by sutures to the cavity wall. This procedure for PAR administration, which caused the
drug to be extruded into the peritoneal cavity, was done to minimize the possibility that the
pump outflow would become blocked by the somewhat viscous vehicle. Animals in the
VEH group that received PAR vehicle underwent the same implantation procedure. After
implantation of the pump, the opening in the skin was closed with wound clips and the
animals were returned to their cages once they regained consciousness. Animals then
remained in their home cages during the two-week period of drug administration.
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Tissue Dissections
After 14 days of drug administration, the animals were anesthetized with isoflurane,
decapitated, and the brain was quickly removed and sliced into 1.0 mm sections. The LC,
VTA, A1/C1 cell-body region of the ventral brainstem (A1/C1), and DRN regions were then
dissected from the brain slices (see Figure 1). Each tissue sample was immediately weighed
and placed in dry ice. The samples were then stored at −80°C until RNA extraction was
performed. The mean weight (and standard error) for each brain region were as follows: LC,
3.50 ± 0.01 mg; VTA, 6.43 ± 0.19 mg; A1/C1, 4.55 ± 0.18 mg; and DRN, 2.52 ± 0.086 mg.
At the time of sacrifice, trunk blood was also collected so that plasma levels of the drug
could be determined.

Quantitative real time RT-PCR (qRT-PCR)
Total RNA in each tissue sample was extracted using the TRIzol Plus Purification kit
(Invitrogen, Cat. No. 1218355) following the protocol included with the kit. The purity and
quantity of the RNA was analyzed using a Nanodrop Spectrophotometer ND-1000. All
260/280 values were between 1.79-2.26, indicating that the RNA samples were pure. RNA
was then stored in −80 °C until cDNA synthesis was performed.

The cDNA was made using SuperScript III First-Strand Synthesis SuperMix for qRT-PCR
(Invitrogen, Cat. No. 11752-050) following the protocol included with the kit. The amount
of RNA used per region for cDNA synthesis were 499.2 ng for the LC, 485.2 ng for the
VTA, 347.7 ng for the A1/C1 region, and 240.0 ng for the DRN. At the conclusion of this
step, the cDNA for the samples of each brain region was diluted (see below) and the set of
samples for each dilution was then stored in a −20 °C freezer until it was used for the qRT-
PCR.

We generated a qRT-PCR standard curve for each primer set. cDNA from the LC was used
to make the standard curve for each assay because preliminary studies found that the LC
expressed a reliable level of mRNA for each primer analyzed in this study. We then
determined the appropriate dilutions of each cDNA so that the qRT-PCR determined cDNA
concentration fell within the standard curve for each primer. The dilutions were as follows:
LC [1:6 (cDNA to DEPC-treated water for all primers)]; VTA (Gal=1:2, TH=1:20,
GalR1=1:6, GalR2=1:8, GalR3=1:4, and β-Actin =1:10); A1/C1 region (Gal=1:2, TH=1:1,
GalR1, GalR2 and β-Actin = 1:8, GalR3=1:4); and DRN (Gal and GalR3=1:4, TH=1:2,
GalR1=1:6, GalR2 and β-Actin =1:8)]. An equivalent amount of preliminary RNA was used
to make the LC cDNA for the standard curves of the brain region being examined. For each
sample of each brain region, a qRT-PCR was conducted using 2 μL from the cDNA
dilution, 1 μL of each primer pair separately (GAL, TH, GalR1, GalR2, GalR3 and ß-Actin,
a control housekeeping gene; primers were obtained from SuperArray Bioscience
Corporation), 12.5 μL of Platinum SYBR Green qRT-PCR SuperMix-UDG (Invitrogen) and
9.5 μL of water. Two microliters of DEPC-water was used as a non-template control. The
volume in each well totaled 25 μL. The BioRad iCycler IQ-5 Real Time PCR system was
set to the following cycling parameters: 50 °C for 2 minutes and 95 °C (for 8.5 minutes for
UDG inactivation) and DNA polymerase activation followed by 40 cycles of denaturation
and annealing/extension (95°C for 15 seconds; 60 °C for 60 seconds, respectively).

Data and statistical Analysis
qRT-PCR results for each sample were produced by comparison of measures with a standard
curve generated within the same assay for the primer being assessed. Each sample was run
in duplicate, and an average of the two measures constituted the value of the sample used in
analysis. In a small number of instances (5 samples out of 864 in the study), aberrant
measures were encountered and discarded. A measure was considered aberrant if it was at

Rovin et al. Page 5

Neuropeptides. Author manuscript; available in PMC 2013 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



least twice or half the duplicate and also was outside the range of all other measures for all
samples in that group. Six additional samples in the DRN region were not included in the
DRN analysis because a problem was occurred in the β-Actin assay of these samples. β-
Actin mRNA was used as a standardizing tool to assess the relative amounts and quality of
the mRNA in each sample. Following measurement of β-Actin, and determination that this
mRNA in each brain region did not differ across the four groups (done by ANOVA; see
below), the remaining mRNAs in each sample were then corrected for the β-Actin mRNA of
that sample. Data for each of the different normalized mRNAs obtained for each brain
region were analyzed separately by one-way analysis of variance (ANOVA) comparing the
four groups in the experiment (one non-drug and three AD-treated groups). If a significant
overall effect of group was found, post hoc comparison of the VEH group with each of the
three drug groups was done using Dunnett’s test. In a few cases, additional t-tests were run
to assess the difference between the VEH group versus all of the AD-treated animals
grouped together.

RESULTS
Blood levels of drug and body weight loss

Measurement of blood levels of drug revealed that three animals receiving DMI had blood
levels at sacrifice that were below the minimum value for a therapeutic effect of DMI in
humans [75-300 ng/ml (compiled from Van Brunt, 1983; Orsulak, 1986; Preskorn, 1989;
Gutteck and Rentsch, 2003)]; these three animals, which all had problems with their
minipumps during the experiment, including one rat that extruded its pump several days
before sacrifice, were excluded from the DMI group. The therapeutic blood level of PAR in
humans ranges from 40-120 ng/ml (compiled from Preskorn, 1997; Devane, 1999;
Rasmussen and Brøsen, 2000; Baumann et al., 2004); no animals were discarded from the
PAR group for failing to reach the minimum therapeutic level. No assay for phenelzine was
available. The mean (and standard error) of the blood levels of the included DMI and PAR
rats at the time of the sacrifice were 1174.9 ± 348.7 μg/ml and 1559.5 ± 398.9 μg/ml,
respectively. With respect to body weight, the drug-treated groups lost weight. As noted
above, the fully mature male rats (5-7 months of age) used in this study were quite large at
the beginning of treatment (approximately 700 grams body weight). Mean (and standard
error) group body weight changes were: PHE, −104.0 ± 9.4 g; DMI, −71.3 ± 10.6 g; and
PAR, −53.0 ± 7.3 g. In comparison, the non-drug-treated animals (VEH group) showed a
small weight gain over the treatment time period (+4.6 ± 7.3 grams).

GAL, TH, GalR1, GalR2, GalR3, and β-Actin mRNA
Locus Coeruleus—Figure 2 (part A-F) shows the results of administration of PHE, DMI,
and PAR for two weeks on the expression levels of GAL, TH, GalR1, GalR2, GalR3, and β-
Actin mRNA in the LC region. β-Actin was included as a standardizing measure for the
level of expression of mRNA in each sample, having been pre-judged to likely be unaffected
by the drug treatments. Part F of Figure 2 shows that this was indeed the case, as the
treatment groups showed no significant differences between the groups in β-Actin mRNA
levels when a one-way ANOVA was performed [F (groups) = 0.21, df = 3, 29, p = 0.891].
Therefore, each value obtained for GAL, TH, GalR1, GalR2, and GalR3 mRNA was
normalized for the expression of β-Actin mRNA in that sample. The means of the
normalized mRNA values for the different groups are shown in parts A-E.

The most notable differences observed in the LC were seen with respect to the effect of the
drug treatments on GAL mRNA (part A). For GAL mRNA, an overall significant effect of
group was found in the one-way ANOVA comparing the treatment groups (F = 3.69, df = 3,
29, p = 0.023). Comparison of individual groups with the VEH control group revealed a
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significant difference from the PHE group (p = 0.046), the DMI group (p = 0.009), and the
PAR group (p = 0.0145). For the other mRNA measures (parts B-E) in this brain region, no
other significant treatment tended to have a similar effect on TH mRNA as was observed for
GAL mRNA; that is, all three AD drugs tended to reduce TH mRNA in the LC. While the
overall effect of group in the one-way ANOVA for this measure did not reach significance
[F (groups) = 1.631, df = 3, 29, p = 0.204], a t-test comparing all of the drug-treated animals
(n=24) with the VEH control group (n=9) revealed a statistically significant difference
(t=2.21, df= 31, p <0.02 one tailed), thereby indicating that treatment with AD drugs
significantly reduced TH mRNA in the LC.

Ventral Tegmental Area—Figure 3 (part A-F) shows the results of administration of
PHE, DMI, and PAR on the expression levels of GAL, TH, GalR1, GalR2, GalR3, and β-
Actin mRNA in the VTA region. As was the case in LC, β-Actin mRNA was unaffected by
the drug treatments, which can be seen in Part F of Figure 3. The effect of treatment group
on the level of β-Actin mRNA expression was not significant in a one-way ANOVA (F =
0.926, df = 3, 29, p = 0.441). Therefore, each value obtained for GAL, TH, GalR1, GalR2,
and GalR3 mRNA was again normalized for the expression of β-Actin in that sample, and
the means of the normalized mRNA values for the different groups are shown in parts A-E.

In the VTA, the most notable effect was seen with respect to the expression of GalR2
mRNA (Part D of Figure 3). A one-way ANOVA showed a significant effect of group for
this measure (F = 4.651, df = 3, 29, p = 0.009). Comparison of the individual drug-treated
groups with the VEH revealed that both the DMI and PAR groups each differed
significantly from the VEH group (p = 0.004 and 0.027, respectively). For the other mRNA
measures (parts A, B, C, and E), no other significant overall effects of group were found.
However, inspection of Figure 5 reveals that other mRNAs showed a tendency to be lower
in the drug-treated rats than in the VEH condition. When t-tests were carried out comparing
all of the drug-treated rats (n=24) with the VEH group (n=9), rats treated with AD drugs
showed lower expression of Gal R1 mRNA (t=1.81, p = 0.039 one-tailed) and also TH
mRNA (t=1.72, p = 0.047 one-tailed).

A1/C1 Region—Figure 4 (part A-F) shows the results of administration of PHE, DMI, and
PAR administration on the expression levels of GAL, TH, GalR1, GalR2, GalR3, and β-
Actin mRNA in the A1/C1 region. β-Actin was again unaffected by the drug treatments, as
can be seen in Part F of Figure 4. The effect of treatment group on the level of β-Actin
mRNA expression was not significant in a one-way ANOVA (F = 0.058, df = 3, 29, p =
0.981). Therefore, each value obtained for GAL, TH, GalR1, GalR2, and GalR3 mRNA was
normalized for the expression of β-Actin in that sample, and the means of the normalized
mRNA values for the different groups are shown in parts A-E.

One-way ANOVAs for each of the other mRNA measures (parts A-E) showed no significant
effect of group in any case. The largest effect seen in this brain region was a tendency for
TH mRNA expression to be lower in drug-treated animals, but even here, a t-test comparing
all of the drug-treated animals (n=24) with the VEH group (n=9) only approached, but did
not reach, statistical significance (t=1.43, p = 0.081 one–tailed).

Dorsal Raphe Nuclei—Figure 5 (parts A-F) shows the results of administration of PHE,
DMI, and PAR on the expression levels of GAL, TH, GalR1, GalR2, GalR3, and β-Actin
mRNA in the DRN. β-Actin was again unaffected by the drug treatments, as can be seen in
Part F of Figure 5. The effect of treatment group on the level of β-Actin mRNA expression
was not significant in a one-way ANOVA (F = 0.191, df = 3, 23, p = 0.902). Consequently,
each value obtained for Gal, TH, GalR1, GalR2, and GalR3 was normalized for the
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expression of β-Actin in that sample, and the means of the normalized mRNA values for the
different groups are shown in parts A-E.

In the DRN, GAL mRNA (Part A) was differentially affected by the drug treatments. A
significant effect of group was found in a one-way ANOVA for this measure (F = 4.06, df =
3, 23, p = 0.019). Comparison of individual groups with the VEH control group revealed
that GAL mRNA expression of the PAR group was significantly higher than GAL mRNA
expression of VEH controls (p = 0.022) and also the DMI group (p = 0.011). No other
significant differences were seen in this brain region.

Correlations between mRNAs in the four brain regions—Figure 6 shows
correlation coefficients between the different mRNAs assessed in this experiment;
coefficients observed within each of the four brain regions are shown. The highest
correlation in the study was seen between the mRNA for TH and GAL in the LC. Figure 7
presents the scatterplot of all points in this correlation, showing that the positive correlation
between TH and GAL mRNA is present not only across all animals in the study but is
evident within each of the four treatment groups as well. A significant correlation between
these two mRNAs was also seen in the A1/C1 region. Also, in all three catecholaminergic
cell-body regions (LC, A1/C1, and VTA), the mRNA for GalR2 and GalR3 was
significantly correlated. In DRN, the profile of correlations differed from that seen in the
other brain regions, with TH mRNA in this brain region being uncorrelated or showing
small negative correlations with the other mRNAs, and the mRNA for GalR1 and GalR3
being highly correlated, which was unique to this brain region.

DISCUSSION
When three AD drugs with different pharmacologic actions – a tricylic (DMI) which
primarily blocks norepinephrine reuptake, an SSRI (PAR) which primarily blocks serotonin
reuptake, and a monoamine oxidase inhibitor (PHE) which retards the catabolism of all
monoamines – were administered to rats for two weeks, certain changes in mRNA for TH,
GAL, and GAL receptors were observed in different brain regions. Although the doses of
these drugs that were used were standard in rat studies, the blood levels that were measured
in this study were higher than normally encountered in therapeutic ranges, probably due to
our having used fully mature male rats. However, dose-response analyses of several AD
drugs that were carried out in our laboratory measuring effects on LC electrophysiological
activity have shown that high blood levels of AD drugs are associated with similar effects on
LC activity (i.e., inhibition of LC activity) to what is seen at lower therapeutic levels except
that the change may be somewhat larger (West et al., 2009); therefore, effects on mRNA
reported here should be representative of what the drugs will produce at lower blood levels.

Salient changes were seen in the brain area that was the principal focus of this study, the LC.
In LC cells, chronic administration of each of the three AD drugs significantly reduced GAL
mRNA. The mRNA for TH in LC also was reduced by the three drugs; this effect was
significant when the three ADs were considered together and compared with the vehicle-
infused group. A similar finding in regard to the influence of chronic administration of AD
drugs on the mRNA for TH in LC was previously reported in a well-known study by Nestler
and colleagues (Nestler et al., 1990). The findings reported here are consistent with the
known effects of chronic administration of AD drugs on activity of LC neurons, which is to
decrease their activity (for summary, see West et al., 2009). Insofar as both TH and GAL are
activity-dependent peptides – that is, their synthesis increases when cell bodies in which
they are synthesized are active, and their synthesis decreases when these cell bodies are
inactive – it would be expected that the inhibitory influence of AD drugs on the activity of
LC neurons might well be reflected in decreased synthesis, reflected in decreased mRNA,
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for TH and GAL in these cells. That synthesis of both TH and GAL in LC is activity-
dependent is supported by the finding that the mRNA for TH and for GAL in LC was highly
correlated, as shown in Figure 7. The correlations carried out used all of the animals in the
study, thereby including vehicle-infused rats whose LC activity would have been higher than
that of the animals infused with AD drugs; thus, the correlation shows, appropriately, a
relationship seen across differing levels of LC activity. However, as also can be seen in
Figure 7, the positive relationship between TH and GAL mRNA was evident within each of
the four groups in the study.

In the VTA, both GAL and TH mRNA showed the tendency to be reduced by AD treatment;
these effects, however, neither of these effects reached two-tailed statistical significance.
Nevertheless, such findings do not offer support for the theoretical interpretation presented
in the introduction. This formulation proposed that effective AD treatment will, by
decreasing LC activity, decrease release of GAL in VTA, thereby increasing VTA-DA
neuronal activity. The findings reported here point to the opposite effect. When Razani et al.
(2000) examined changes in DRN produced by infusion of GAL into the ventricular system
of the rat brain, they found that this infusion decreased GAL mRNA in DRN. Such findings
indicate that increased extracellular levels of GAL (via the infusion) caused a decrease in
GAL mRNA in the cell bodies of DRN that presumably were affected by the GAL infusion.
While the Razani et al study did not assess changes in VTA, the findings would seem
applicable to VTA-DA neurons in that extracellular GAL exerts an inhibitory
(hyperpolarizing) influence on both VTA-DA and DRN neurons (refs). Thus, decreased
mRNA for both TH and GAL mRNA in VTA resulting from AD treatment suggests that AD
treatment may have decreased VTA-DA activity, perhaps by increasing extracellular GAL
in VTA or by some other mechanism. However, this conclusion is tempered by the fact that
DA neurons in the VTA region represent a relatively small number interdigitated amongst
other neurons that synthesize different transmitters, and, consequently, it is unclear as to
which neurons contributed to the mRNA measured in the VTA sample. While the TH-
containing neurons in VTA are catecholaminergic, the same cannot be said for GAL.
Without in situ determination, which was not performed, a firm conclusion as to what
neurons in this region contributed to GAL mRNA is not possible.

The largest change in mRNA seen in the VTA region was a decrease in mRNA for GalR2
receptors, which is particularly interesting in view of the report by Kuteeva et al. (2008)
suggesting that stimulation of GalR2 receptors mediates antidepressant action. If this is
correct, decreased synthesis of Gal R2 receptors in the VTA region could point to
antidepressant activity taking place, with the decrease in mRNA for this receptor resulting
either from negative feedback on synthesis of this receptor because such action is occurring
or from direct stimulation of GalR2 receptors by GAL to bring about an antidepressant
effect.

The other two brains regions examined were A1/C1 and DRN. In the A1/C1 region, AD
treatment showed a tendency to decrease TH and GAL mRNA, so that this region looked
similar to LC and VTA in this regard, but this effect in the A1/C1 region did not reach
statistical significance. In the DRN, however, a markedly different pattern for GAL mRNA
was seen in relation to the AD treatment than was evident in the other three brain regions.
GAL mRNA, which was also the only mRNA in DRN to be significantly affected by
different drug treatments, was markedly increased in the animals that had received PAR.
This increase was distinctly different from what was seen in all other groups, and
significantly different from VEH- and DMI-treated animals. The study by Razani et al.
(2000) clearly demonstrates an interaction between GAL and 5-HT1A receptors in DRN
neurons, suggesting that action of 5-HT and GAL is linked in these cells. The results shown
here reinforce this interaction, and, moreover, indicate that activation of 5-HT1A receptors,
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as will occur with PAR treatment, profoundly affects GAL mRNA in DRN neurons.
Additionally, insofar as the effect of PAR treatment on GAL mRNA in DRN differed for
that of DMI treatment, the results presented here point to an effect of a 5-HT-reuptake-
blocking drug on GAL that is not shared by ADs that do not possess this capacity.

An interesting aspect of the present findings is the ability to examine intercorrelations of the
various mRNAs within brain regions. As described earlier, TH and GAL mRNA were
highly correlated in the LC, consistent with the idea that (1) these peptides are found within
the same cells in this region/sample/(presumably LC neurons), and (2) the mRNAs are
highly correlated because the two peptides are both activity dependent. Similarly, in the A1/
C1 and VTA regions, although colocalization of GAL and TH in catecholaminergic neurons
in these brain regions is much less extensive or evident than in LC (e.g., Levin et al., 1987;
Skofitsch and Jacobowitz, 1985), TH and GAL mRNA was also significantly correlated. In
contrast, in the DRN region GAL and TH mRNA were not correlated (in fact, were
somewhat negatively correlated). In DRN, unlike the other brain regions examined in this
study, the mRNA for TH and much of the mRNA for GAL is clearly localized in different
neurons in the sample – TH would be found in a small number of dopaminergic cells in this
region designated as A10c and A10dc (Hökfelt et al., 1984) whereas much of the GAL
mRNA would be colocalized in the more numerous serotonergic cells in DRN (e.g.,
Melander et al., 1986; Xu and Hökfelt, 1997); thus, it is perhaps not surprising that the DRN
does not show the same relationship between mRNA for GAL and TH evident in the LC and
in the two other catecholaminergic regions.

Also of interest, correlations between mRNAs for the three types of GAL receptors (GalR1,
GalR2, and GalR3) indicated that these were associated differently in the brain regions
examined. In the catecholaminergic cell-body regions (LC, A1/C1, and VTA), the mRNA
for GalR2 and GalR3 was significantly correlated (r=.62, .78, and .41 respectively) whereas
mRNA for GalR1 did not correlate with either of these. In contrast to this, in DRN GalR1
mRNA correlated highly with GalR3 mRNA (r=.74). This suggests that synthesis of GalR2
receptors is associated, or co-varies, with synthesis of GalR3 receptors in the
catecholaminergic cell-body regions studied, whereas synthesis of GalR1 receptors is
strongly associated, or co-varies, with synthesis of GalR3 receptors in the DRN region.

In summary, chronic administration of AD drugs that represented three classes of such drugs
(i.e, tricyclic, SSRI, and MAOI) affected mRNA for GAL, GAL receptors, and TH in four
brain regions studied. In the cell bodies of LC neurons, GAL and TH mRNA were
decreased; insofar as GAL and TH are activity-dependent peptides, this effect is consistent
with decreases in LC activity that are produced by chronic administration of these AD drugs.
In the A1/C1 region and in VTA, GAL and TH mRNA also tended to be decreased. In VTA,
the most marked change in GAL receptor mRNA produced by AD administration was a
decrease in mRNA for GAL2 receptors. In DRN, the pattern of mRNA changes differed
from that seen in the other brain regions studied, both in effects on GAL mRNA and with
regard to intercorrelations of GAL receptor mRNA changes. These results confirm that, in
brain regions that appear to play an important role in depression, mRNA for GAL, its
receptors, and TH are altered with chronic administration of AD drugs that produces
therapeutic effects of these drugs.
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Figure 1.
Brain sections showing representative dissections (punches or cuts) taken to obtain samples
of the locus coeruleus (LC), A1/C1 brainstem (A1/C1), ventral tegmental (VTA), and dorsal
raphe nucleus (DRN) brain regions. For LC, tissue was obtained by 1.0 mm diameter
bilateral punches of three contiguous 1.0 mm thick sections; for A1/C1 and DRN, tissue was
obtained by 1.5 mm diameter punches of two contiguous 1.0 mm thick sections on midline
(DRN) and bilaterally (A1/C1); for VTA, a rectangular dissection on midline (as shown)
was taken from two contiguous 1.0 mm thick sections. Brain sections shown are
approximately the midpoint of regions dissected. Illustrations are taken from Paxinos and
Watson, 1998.
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Figure 2.
Effects on mRNA levels of galanin (GAL), tyrosine hydroxylase (TH), galanin receptors
type 1, 2, and 3 (GalR1, GalR2, GalR3), and β-Actin (Parts A-F) in the locus coeruleus
region (LC) of the brain following chronic administration (for two weeks) of one of three
AD drugs -- phenelzine (PHE), desipramine (DMI), and paroxetine (PAR) -- or vehicle
(VEH). The mRNA values for GAL, TH, GalR1, GalR2, and GalR3 mRNA in each animal
were expressed as percent of the β-Actin mRNA found in the sample for that animal; this is
referred to as normalized mRNA expression. Shown is the mean ±SEM for each group.
Doses of the ADs given were 5.0 mg/kg/day for PHE and 10.0 mg/kg/day for DMI and
PAR. Number of animals in each group were VEH n=9; PHE n=8; DMI n=8; and PAR n=8.
Statistically significant differences are noted as follows: * = significantly (p<0.05) lower
than VEH; ** = significantly (p<0.01) lower than VEH.
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Figure 3.
Effects on mRNA levels of galanin (GAL), tyrosine hydroxylase (TH), galanin receptors
type 1, 2, and 3 (GalR1, GalR2, GalR3), and β-Actin (Parts A-F) in the ventral tegmental
region (VTA) of the brain following chronic administration (for two weeks) of one of three
AD drugs -- phenelzine (PHE), desipramine (DMI), and paroxetine (PAR) -- or vehicle
(VEH). All other details as described in legend for Figure 2.
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Figure 4.
Effects on mRNA levels of galanin (GAL), tyrosine hydroxylase (TH), galanin receptors
type 1, 2, and 3 (GalR1, GalR2, GalR3), and β-Actin (Parts A-F) in the A1/C1 cell-body
region in the ventral brainstem following chronic administration (for two weeks) of one of
three AD drugs -- phenelzine (PHE), desipramine (DMI), and paroxetine (PAR) -- or vehicle
(VEH). All other details as described in legend for Figure 2.
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Figure 5.
Effects on mRNA levels of galanin (GAL), tyrosine hydroxylase (TH), galanin receptors
type 1, 2, and 3 (GalR1, GalR2, GalR3), and β-Actin (Parts A-F) in the dorsal raphe region
(DRN) of the brain following chronic administration (for two weeks) of one of three AD
drugs -- phenelzine (PHE), desipramine (DMI), and paroxetine (PAR) -- or vehicle (VEH).
The number of animals in each group after excluding six samples that were measured
incorrectly were VEH n=7; PHE n=7; DMI n=7; and PAR n=6. All other details as
described in legend for Figure 2, except for the statistical comparisons for which groups
receiving different AD drugs were also compared with each other. Statistically significant
differences are noted as follows: σ = significantly (p<0.05) higher than VEH. γ =
significantly (p < 0.05) lower than PAR.
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Figure 6.
Shown are the correlation coefficients between the normalized mRNA values for tyrosine
hydroxlase (TH), galanin (GAL), and galanin receptor types 1, 2, and 3 (Gal R1, Gal R2,
and GalR3) within samples of locus coeruleus (LC), A1/C1 ventral brain region (A1/C1),
ventral tegmental region (VTA), and dorsal raphe region (DRN). Number of subjects was
n=33 for LC, A1/C1, and VTA; n=27 for DRN. Coefficients in boldface are statistically
significant (p<.05 or less). Two coefficients indicated by * also have noted the correlation
when a single discrepant point is removed from the correlation; these correlations are shown
below each matrix indicated by “w/o” meaning “without single discrepant point.”
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Figure 7.
Shown is the correlation of mRNA for tyrosine hydroxylase (TH) and galanin (GAL) in the
LC region. For each subject in the study is shown its normalized mRNA value for TH
plotted against its normalized mRNA value for GAL. Different treatments received by the
subjects, indicated by the shape of the point in the figure, were vehicle (VEH), phenelzine
(PHE), desipramine (DMI), or paroxetine (PAR). Dose/duration of drug treatment and
number of animals per group is described in legend for Figure 2. The overall correlation for
these points is r = .79 (p<0.001).
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