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Abstract
The dorsomedial hypothalamus (DMH) has been implicated in the coordination of stress responses.
Restraint stress or systemic corticosterone (CORT) treatment induces a rapid increase in tissue
concentrations of serotonin (5-hydroxytryptamine; 5-HT) in the DMH. Although the mechanism for
rapid changes in 5-HT concentrations in the DMH is not clear, earlier results suggest that stress-
induced increases in CORT may inhibit 5-HT transport from the extracellular fluid by acting on
corticosterone-sensitive organic cation transporters (OCTs). We tested the hypothesis that perfusion
of the medial hypothalamus (MH), which includes the DMH, with the OCT blocker decynium 22
(D-22) would potentiate the effects of mild restraint on extracellular 5-HT. Male Sprague-Dawley
rats, implanted with a microdialysis probe into the MH, were treated with reverse-dialysis of D-22
(20 μM; 40 min) or vehicle and subjected to either 40 min mild restraint or undisturbed control
conditions. Perfusates collected from a separate group of rats were evaluated for the effect of restraint
on extracellular CORT concentrations in the MH. Reverse dialysis of D-22 induced an increase
(200%) in extracellular 5-HT concentrations in the MH in undisturbed control rats. Restraint in the
absence of D-22 did not significantly affect MH CORT or 5-HT concentrations. However, perfusion
of the MH with D-22 during restraint led to an increased magnitude and duration of extracellular 5-
HT concentrations, relative to D-22 by itself. These results are consistent with the hypothesis that
OCTs in the DMH contribute to the clearance of 5-HT from the extracellular fluid under both baseline
conditions and mild restraint.
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1. Introduction
The dorsomedial hypothalamus (DMH) has been proposed to play an important role in the
integration of neuroendocrine, autonomic, and behavioral responses to aversive stimuli
(reviewed in DiMicco et al, 2002). For example, changes in DMH neuroactivity alter the
responsiveness of the hypothalamic-pituitary-adrenal (HPA) axis (Bailey et al, 2003;Bailey
and DiMicco, 2001;Keim and Shekhar, 1996), partly through projections to the paraventricular
nucleus of the hypothalamus (PVN), a critical neural site for activation of the neuroendocrine
stress response (Bailey et al, 2003;ter Horst and Luiten, 1986;Zaretskaia et al, 2008).

These effects may be modulated, in part, through stress-induced activation of the serotonergic
system (Li et al, 2004). The DMH receives projections from serotonergic cell bodies in the
median raphe nucleus (Vertes et al, 1999) and dorsal raphe nucleus (Commons et al,
2003;Vertes, 1991). Acute exposure to aversive stimuli such as restraint stress, immobilization
stress or foot shock, or administration of the stress hormone, corticosterone (CORT), increases
tissue concentrations of 5-HT (5-hydroxytryptamine, 5-HT) in the DMH (Culman et al,
1980;Losada, 1988;Lowry et al, 2001;Lowry et al, 2003;Shekhar et al, 1994). Microdissection
studies measuring 5-HT concentrations in subdivisions of the DMH indicate that stress-induced
increases in tissue concentrations of 5-HT appear to be primarily localized in the dorsal
hypothalamic area, including parenchymal, subependymal, and ependymal components
(Lowry et al, 2003). It is not clear from these studies if the increased tissue concentrations of
DMH 5-HT represent changes in synthesis, storage, release, or metabolism of the
neurotransmitter. In addition, microdialyis studies have demonstrated that immobilization
stress increases extracellular 5-HT in hypothalamic regions including the anterior and lateral
hypothalamus (Shimizu et al, 1992;Shimizu et al, 2000;Shintani et al, 1995). However, actual
measurements of extracellular 5-HT concentrations in the DMH in response to acute stress
have not been documented; therefore, evidence that stress alters 5-HT signaling in this region
is lacking.

In addition to stress-induced increases in DMH 5-HT tissue concentrations, exposure to stress
or systemic CORT administration results in highly correlated increases in tissue concentrations
of other monoamines, including dopamine (DA) and norepinephrine (NE) (Lowry et al,
2001;Lowry et al, 2003). The co-regulation of these neurotransmitters in the DMH in response
to stress or CORT may be related to the presence of a class of polyspecific monoamine
transporters, collectively known as organic cation transporters (OCTs), that have been recently
identified in the central nervous system (CNS; Amphoux et al, 2006;Baganz et al, 2008;Daws,
2009;Gasser et al, 2006;Gasser et al, 2009;Inazu et al, 2003;Schmitt et al, 2003;Taubert et al,
2007;Vialou et al, 2004;Wu et al, 1998). Originally described in the periphery (for review, see
Eisenhofer, 2001;Grundemann et al, 1998;Koepsell et al, 2003), OCTs are bidirectional, low-
affinity, high-capacity, carrier-type permeases that function in the clearance of diverse organic
cations, including 5-HT, DA, NE, and histamine (Busch et al, 1996;Grundemann et al, 1998).
Three subtypes of OCTs have been identified, OCT1, OCT2, and OCT3. All three of these
OCT subtypes have been found in the CNS (Gasser et al, 2006;Gasser et al, 2009;Taubert et
al, 2007) although the expression of OCT1 mRNA is low (Amphoux et al., 2006). Organic
cation transporter 2 is expressed in DA-rich regions of the brain (Taubert et al, 2007) as well
as in the choroid plexus, the leptomeninges and the lining of the third ventricle, presumably
the ependymal cell layer (Amphoux et al, 2006). In contrast to OCT1 and OCT2, OCT3 appears
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to have a wide distribution in the brain and is highly expressed in DMH ependymal,
subependymal, and parenchymal cells (Gasser et al, 2006;Gasser et al, 2009;Vialou et al,
2008). Organic cation transporter 3 is sensitive to inhibition by CORT, with an estimated
IC50 of 30 nM (Gasser et al, 2006;Wu et al, 1998) suggesting a potential role in stress-induced
modulation of monoaminergic signaling.

In an earlier study, we reported that infusion of the OCT blocker decynium 22 (D-22) directly
into the MH in freely moving rats induces a dose-dependent increase in extracellular 5-HT
concentrations (Feng et al, 2005). This result is consistent with other studies suggesting that
OCTs may play a functional role in clearing extracellular monoamines in the CNS (Baganz et
al, 2008; for review, see Daws, 2009;Gasser et al, 2006;Gasser et al, 2009;Kitaichi et al,
2005;Nakayama et al, 2007;Vialou et al, 2004;Vialou et al, 2008). However, since OCTs are
low-affinity, high-capacity transporters, it is believed that they will play a more important role
in modulation of 5-HT when extracellular 5-HT concentrations are elevated, such as during
increased behavioral arousal or aversive stimulation (Rueter et al, 1997), following treatment
with selective serotonin reuptake inhibitors, or in individuals with low expression of the high-
affinity, low capacity serotonin transporter (SERT) (Baganz et al, 2008; for review, see Daws,
2009). In this study, we tested the hypothesis that OCTs contribute to regulation of extracellular
5-HT concentrations in the MH. The goals of the current study were to: 1) determine if mild
restraint increases extracellular 5-HT in the MH and 2) determine if exposure to mild restraint
potentiates extracellular increases in 5-HT induced by intra-MH administration of the OCT
inhibitor D-22.

2. Results
2.1 Effect of D-22 perfusion into the MH on extracellular 5-HT under baseline conditions and
during mild restraint

The effects of D-22 and mild restraint on extracellular 5-HT in the MH are summarized in
Figure 1. Decynium 22 in unrestrained control rats resulted in a significant increase in
extracellular 5-HT concentrations in the MH (approximately 200% above baseline values).
Restraint by itself did not alter extracellular 5-HT concentrations at any time point. Decynium
22 also increased extracellular 5-HT concentrations in rats exposed to restraint. Both the
magnitude and duration of the effects of D-22 were greater in rats exposed to restraint (reaching
approximately 400% above baseline values) relative to the response to D-22 in undisturbed
control rats. There were significant effects of treatment (F(3, 11) = 11.99, P < 0.001), time
(F(11, 169) = 13.01, P < 0.001) and a treatment × time interaction (F(33, 169) = 4.70, P < 0.001).
The reverse-dialysis of 20 μM D-22 into the MH in rats subjected to restraint increased
extracellular 5-HT concentrations when compared to pretreatment (−20 min) 5-HT values
(F(11, 43) = 8.51, P < 0.001). This effect was detected 40, 60 and 80 min following initiation of
the treatment (Bonferroni’s t-test, P < 0.001 at times 40, 60 and P < 0.05 at time 80). In the
absence of restraint, intra-hypothalamic perfusion of D-22 induced a more modest increase in
extracellular 5-HT concentrations when compared to the −20 min pretreatment value
(F(11, 40) = 3.96, P < 0.001). Post hoc analysis with the Bonferonni t-test versus the baseline
value showed that this effect was present in the second sample (40 min) following the initiation
of D-22 perfusion (P < 0.001). In rats treated with intra-MH vehicle, extracellular 5-HT
concentrations were stable with respect to the baseline 5-HT values throughout the duration of
the study in the presence or absence of 40 min exposure to mild restraint.

In comparisons between treatments at each time point, rats subjected to a combination of
reverse-dialysis of 20 μM D-22 into the MH and restraint exhibited increases in both the
magnitude and duration of MH extracellular 5-HT concentrations when compared to rats
treated with intra-MH D-22 in the absence of restraint. In the first post-treatment sample (t =
20 min), restrained rats treated with D-22 had higher 5-HT concentrations than those measured
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in all other groups (Student Newman Keuls (SNK) test, P < 0.05). This difference was
maintained in samples collected at 40, 60 and 80 min after treatment initiation (SNK, P < 0.001
vs all other groups at 40, 60 min; P < 0.001 vs vehicle-treated groups at 80 min, P < 0.05 vs
D-22 without restraint at 80 min). At 100 min, restrained rats treated with D-22 had higher MH
5-HT concentrations than the vehicle-treated groups (SNK, P < 0.05) but did not differ
statistically from unrestrained D-22-treated rats. Extracellular 5-HT concentrations in rats
treated with D-22 and subjected to restraint returned to levels that did not differ from other
groups for the remainder of the experiment. In the absence of restraint, intra-hypothalamic
D-22 increased extracellular 5-HT when compared to the vehicle-treated groups. This effect
was detected 40 and 60 min following the onset of treatment (SNK, P < 0.001, P < 0.05,
respectively).

2.2 Effect of mild restraint on extracellular CORT in the MH
The restraint procedure employed in this study did not significantly increase extracellular
CORT levels in the MH when compared to pre-restraint values. However, there was a trend
for increased MH CORT levels in response to restraint (F(11,77) = 1.68; P = 0.093). CORT
levels, uncorrected for probe recovery, for the sample immediately preceding restraint and 20
min following restraint were 1.89 ± 0.67 ng/mL and 4.62 ± 1.13 ng/mL (n = 7), respectively.

3. Discussion
Blockade of OCTs in the MH using reverse-dialysis of D-22 increased extracellular 5-HT
concentrations under basal conditions and during a mild restraint procedure. Both the
magnitude and duration of the D-22-induced increase in extracellular 5-HT were greater in rats
exposed to restraint, suggesting that restraint increased 5-HT release in the DMH. A restraint-
induced increase in extracellular 5-HT was not detectable in rats that did not receive D-22,
presumably because the restraint-induced increase in extracellular 5-HT was not sufficient to
exceed the capacity for rapid 5-HT clearance by SERT and other transporters and therefore
was not sufficient to induce subsequent overflow into the pool of extracellular fluid sampled
by the microdialysis probe. In drug nal̈ve rats, rapid clearance of 5-HT is probably mediated
predominantly by the presynaptic SERT but with contributions from other transporters
including OCTs (Daws, 2009). These findings are consistent with the hypothesis that OCTs
play a role in clearance of 5-HT from the extracellular fluid within the MH under both basal
conditions and during mild restraint.

3.1. Decynium 22 increased MH extracellular 5-HT under baseline conditions
The data in this study replicated our previous finding that local administration of the OCT3
inhibitor D-22 can increase extracellular 5-HT concentrations in the MH under baseline
conditions (Feng et al, 2005). In our earlier studies, we showed that intra-hypothalamic
administration of 30 and 100 μM D-22 resulted in local increases in extracellular 5-HT
concentrations of approximately 450 and 700%, respectively (Feng et al, 2005). The increase
in MH 5-HT of approximately 200% in response to reverse-dialysis of 20 μM D-22 is consistent
with this dose-response profile and with previous studies demonstrating that a lower
concentration of D-22 (10 μM) into rat MH by reverse-dialysis (Feng et al, 2005), or into mouse
hippocampus by pressure-ejection (Baganz et al, 2008) has no effect on extracellular 5-HT
concentrations under baseline conditions. The ability of higher concentrations of D-22, such
as 20 μM used in this study, to elevate extracellular 5-HT concentrations may be due to a more
complete blockade of OCT3-mediated transport, particularly at sites distal to the surface of the
microdialysis probe where D-22 concentrations would be lower. Organic cation transporter 3
is abundantly expressed in the MH and appears to account for the majority of OCT-mediated
uptake in this region (Gasser et al, 2006;Gasser et al, 2009).
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3.2. Mild restraint did not alter extracellular MH 5-HT concentrations
Mild restraint, by itself, did not alter extracellular 5-HT concentrations in the MH. This is
consistent with our finding that the mild form of restraint used, in which rats were gently coaxed
into the restraint tube within the microdialysis chamber during the dark phase of the daily light
cycle, did not result in detectable increases in extracellular CORT within the DMH. These
findings are also consistent with previous microdialysis studies demonstrating that restraint
does not alter extracellular 5-HT concentrations in the hippocampus (Kirby et al,
1997;Muchimapura et al, 2002). In contrast, increases in 5-HT concentrations in subnuclei of
the hypothalamus adjacent to the DMH are clearly evident in rats subjected to a more rigorous
form of restraint for a longer duration (Shimizu et al., 1992, 2000; Shintani et al., 1995).
Interestingly, in the studies in which restraint failed to increase extracellular 5-HT, increases
in extracellular concentrations of 5-hydroxyindoleacetic acid (5-HIAA), the major metabolite
of 5-HT, were detected in the hippocampus (Kirby et al, 1997). This could result from restraint-
induced increases in 5-HT release, re-uptake, and metabolism, with no net increase in
extracellular 5-HT in the pool of CSF sampled by the microdialysis probe, due to rapid
clearance by SERT and other transporters at the sites of release.

The finding that restraint alone did not increase extracellular 5-HT concentrations in the MH
seems at odds with the finding that restraint increased 5-HT tissue concentrations in a restricted
region of the DMH (the dorsal hypothalamic area) of female Lewis rats (Lowry et al, 2003).
However, extracellular and tissue concentrations of 5-HT may be differentially regulated,
particularly if OCT2- (Amphoux et al, 2006) or OCT3-expressing (Gasser et al, 2006;Gasser
et al, 2009;Vialou et al, 2008) ependymal or glial cells in the MH accumulate 5-HT. Ependymal
cells can metabolize 5-HT via the actions of monoamine oxidase A in mammalian
(Verleysdonk et al, 2004) and non-mammalian vertebrates (for review, see Lowry et al,
1996). Therefore, the uptake of 5-HT by ependymal cells may explain why restraint increases
tissue concentrations of 5-HT in a microdissected region that includes the ependymal layer
(Lowry et al, 2003). The transport of 5-HT by ependymal cells may also explain the concurrent
elevation of 5-HT and 5-HIAA tissue concentrations within the DMH of different vertebrate
species following restraint (Lowry et al, 2001;Lowry et al, 2003) or administration of CORT
(Gasser et al, 2006;Losada, 1988;Lowry et al, 2001). Consistent with the hypothesis that
restraint activates serotonergic neuronal firing and 5-HT release, restraint increases c-Fos
expression in serotonergic neurons within the dorsal and median raphe nuclei (Takase et al,
2005) and induces modest increases in extracellular 5-HT concentrations in some forebrain
structures, including the basolateral nucleus of the amygdala (Mitsushima et al, 2006) and the
central nucleus of the amygdala (Mo et al, 2008).

The effect of restraint to increase extracellular 5-HT concentrations in some studies, but not
others, could be due to a number of factors, including 1) methodological differences that vary
the aversiveness of the restraint, resulting in differential increases in serotonin release or local
CORT concentrations, 2) selective activation of a subset of serotonergic neurons projecting to
specific forebrain limbic structures including the amygdala (Lowry et al, 2005), 3) regional
differences in clearance rates, via SERT, OCTs, or other poorly characterized 5-HT
transporters, such as the plasma membrane monoamine transporter (PMAT; also known as
equilibrative nucleoside transporter 4 (ENT4) (for review, see Daws, 2009;Zhou et al, 2007),
or multidrug and toxin extrusion protein 1 (MATE1) (Hiasa et al, 2006;Otsuka et al, 2005), 4)
different effects of restraint on serotonergic systems in male and female rats (Mitsushima et
al, 2006), 5) different effects of restraint on serotonergic systems in different rat strains (Lowry
et al, 2003), or 6) a combination of these factors.

Feng et al. Page 5

Brain Res. Author manuscript; available in PMC 2011 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.3. D-22 and restraint interacted to increase extracellular 5-HT in the MH
The finding that D-22 and restraint interacted to increase extracellular 5-HT concentrations,
to levels above those induced by D-22 or restraint alone, suggests that restraint induced a
moderate increase in 5-HT release that does not exceed the capacity for rapid clearance via
SERT and other transporters including OCTs, and that extracellular 5-HT concentrations were
increased by blockade of 5-HT clearance by D-22. This interpretation is supported by our
previous findings that reverse-dialysis of CORT, a selective OCT blocker with high affinity
for OCT3 (Gasser et al, 2006), into the MH potentiates the effects of the 5-HT releasing agent
D-fenfluramine on extracellular 5-HT concentrations (Feng et al, 2009). Taken together, these
data support a functional role for OCTs in modulating monoaminergic neurotransmission by
altering 5-HT clearance in the presence of elevated 5-HT release, such as that which occurs
during behavioral arousal, or in response to aversive stimuli, 5-HT-releasing drugs such as D-
fenfluramine, or under other conditions when extracellular 5-HT concentrations are elevated
such as following treatment with selective serotonin reuptake inhibitors, or low expression of
SERT (for review, see Daws, 2009).

The rapid time course of the D-22-induced increase in extracellular 5-HT concentrations in
restrained rats is consistent with the rapid but moderate increases in extracellular 5-HT
observed in other brain regions such as the basolateral amygdala and central nucleus of the
amygdala following exposure of rats to restraint (Mitsushima et al, 2006;Mo et al, 2008). In
those studies, elevated 5-HT concentrations were detected in the first dialysate sample collected
following initiation of restraint (Mitsushima et al, 2006;Mo et al, 2008). In the amygdala, these
increases are likely due to increased release of 5-HT that exceeds the capacity of local clearance
mechanisms to remove the 5-HT from the synapse, leading to diffusion of 5-HT into extra-
synaptic compartments (for review, see Daws, 2009). In rats treated with intra-hypothalamic
D-22, increases in extracellular 5-HT were detected in the first 20 min sample after the initiation
of the restraint and peak concentrations coincided with the final 20 min of D-22 infusion and
restraint. Extracellular 5-HT remained elevated for up to 60 min after the termination of
restraint and the removal of D-22 from the reverse-dialysis perfusate, consistent with other
studies demonstrating persistent effects of D-22 on 5-HT clearance in vivo (Baganz et al,
2008). Together, these findings are consistent with the demonstration that inhibition of OCT-
mediated transport by D-22 inhibits the overall rate of clearance of 5-HT from the extracellular
fluid (Baganz et al, 2008). The consequences of inhibition of OCT-mediated transport by D-22,
or by other high-affinity OCT3 inhibitors such as CORT, remain to be determined. However,
recent reports that OCT3 has anxiolytic effects in rats (Vialou et al, 2008) and D-22 has
antidepressant-like effects in mice (Baganz et al, 2008) suggest that OCT3-mediated 5-HT
transport, and its regulation by CORT or other mechanisms, may have important consequences
for the regulation of emotional states and emotional behavior.

4. Experimental Procedure
4.1 Animals

Male Sprague-Dawley rats (250-300 g), obtained from the University of South Dakota
Laboratory Animal Services, were maintained in a temperature-controlled room with a reverse
12L:12D photoperiod (lights off at 10:00 A.M.). Food and water were available to the animals
ad libitum. Care for the animals followed NIH Guidelines for the Care and Use of Laboratory
Animals and the experiments were conducted in accordance with the University of South
Dakota Institutional Animal Care and Use Committee.

4.2. Drug Treatments
Decynium 22 (1,11-diethyl-2,22-cyanine iodide, D-22; Sigma-Aldrich Chemical Co., St.
Louis, MO) was dissolved in 100% ethanol and diluted to 20 μM in artificial cerebrospinal
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fluid (aCSF) with a final ethanol concentration of 0.2 %. The choice of the 20 μM dose of D-22
as a means of providing submaximal increases in extracellular 5-HT in the MH was based on
our previous dose-response curve generated for the drug (Feng et al, 2005). Control animals
were perfused with aCSF containing 0.2 % of the ethanol vehicle.

4.3 Surgical Procedures
Stereotaxic surgeries were performed aseptically under xylazine-ketamine anesthesia (Ketoset,
Fort Dodge Labs Inc., Fort Dodge, IA; xylazine, Vedco, Inc., St. Joseph, MO). Following
anesthesia, the rats were mounted in a stereotaxic frame in the flat-skull position and implanted
with a unilateral guide cannula (20-G, cut to project approximately 4 mm dorsal to the DMH;
Plastics One, Inc., Roanoke, VA), directed towards the DMH. Coordinates for the guide
cannula implantation, relative to Bregma, were: AP −3.3 mm; ML ± 0.7 mm and DV −4.6 mm
from the cortical surface (Paxinos and Watson, 1986). The pedestal was initially fixed to the
skull using super glue; it was then permanently fixed to the skull with a combination of glass
ionomer cement (GC Corp., Alsip, IL) and cranioplastic acrylic (Plastics One, Inc.) using
surgical screws for support. After surgery, the rats were housed individually and allowed to
recover for 3 to 5 days before undergoing further experimental procedures.

4.4. Microdialysis procedures and 5-HT analysis
The night before experimentation, rats were lightly anesthetized with ketamine (80 mg)-
xylazine (10 mg) and implanted with a concentric dialysis probe to a depth of −8.6 mm from
the cortical surface (Paxinos and Watson, 1986). The dialysis membrane had a molecular
weight cut-off of 5 kDa, and a 2.2 mm working membrane length (Farmer et al, 1996;Feng et
al, 2005). Under these conditions, the probes sampled from the DMH as well as the dorsal
portion of the ventromedial hypothalamus and dorsally, the dorsal hypothalamic area.
Therefore, the probes sampled from a large region of the MH, including the DMH. The probes
were attached to a liquid swivel (Instech Laboratories, Plymouth Meeting, PA), which allowed
the animals freedom of movement in 10-gallon aquaria. Artificial cerebrospinal fluid was
perfused through the probes overnight to allow for equilibration at a rate of 0.1 μL/min using
a microinfusion pump (CMA, North Chelmsford, MA) and a 1 mL glass syringe. The
experiments were initiated at 10:00 AM during the dark phase of the rat’s photoperiod under
dim diffuse lighting. The perfusion rate was increased to 0.42 μL/min and dialysates were
collected at 20 min intervals. Extracellular 5-HT concentrations were measured by high
performance liquid chromatography (HPLC) with electrochemical detection as previously
described (Farmer et al, 1996;Feng et al, 2005). Briefly, 8.4 μL samples were injected into a
rheodyne injector using a 5 μL loop to insure that each sample over-filled the injection loop.
Serotonin separation was accomplished by reverse phase liquid chromatography using a
Sepstick 3 μm C-18 microbore column (Bioanalytical Systems, West Lafayette, IN) and a
pneumatic displacement pump with nitrogen gas pressure to produce a pulse-free flow
(Bradberry et al, 1991). Following separation, 5-HT was detected with a glassy carbon
electrode (Bioanalytical Systems, West Lafayette, IN) at an oxidation potential of +0.6 V
relative to an Ag/AgCl2 reference electrode using an LC-4C potentiostat (Bioanalytical
Systems) set at 0.5 nA/V. The mean baseline 5-HT concentration in the MH for all rats was
0.87 ± 0.13 pg/5 μL (uncorrected for probe recovery) with a 2:1 signal to noise ratio of 0.06 ±
0.01 pg.

4.5. Reverse-dialysis of D-22 and restraint
After confirming a stable 5-HT baseline consisting of three consecutive dialysate samples that
deviated less than 10% in peak height, the experiments were initiated. All subsequent 5-HT
values, beginning at −40 min, are expressed as a percentage change calculated from the mean
5-HT value obtained from the 3 baseline samples. Following collection of three samples after
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the 5-HT baseline was established (time = 0), rats received one of the following treatment
combinations: 1) reverse-dialysis of 20 μM D-22 into the MH combined with restraint (n = 5);
2) reverse-dialysis of 20 μM D-22 into the MH without restraint (n = 5); 3) reverse-dialysis of
0.2 % ethanol vehicle into the MH combined with restraint (n = 5); or 4) reverse-dialysis of
0.2 % ethanol vehicle into the MH without restraint (n = 5). Restraint was accomplished by
placing a polyvinyl chloride (PVC) tube (6 cm i.d., 27 cm long) with a 2 cm channel cut in the
top that allowed passage of the lines attached to the microdialysis probe (Mo et al, 2008) on
the floor of the aquarium and coaxing the rat to enter the tube. These tubes, which were sealed
using #11 rubber stoppers, prevented movement in any direction but did not fully immobilize
the rats. Perfusions of D-22 or vehicle and restraint, when applied, were initiated at time 0 and
continued for 40 min (two sampling periods). The estimated lag time for displacement of aCSF
in the tubing leading to the microdialysis probe before the onset of drug infusion into the MH
was 20 min and the perfusions were timed so that the drug delivery to the MH and the initiation
of restraint occurred at the same time. At the conclusion of the 40 min restraint period the
stoppers were removed and the rats were released back into the testing chamber. Dialysates
were collected and analyzed for 3 h following the onset of the treatment.

4.6. Measurement of corticosterone
Microdialysis samples were assayed for CORT using a commercially available 125I
radioimmunoassay (RIA) kit (Cat. No. 07120103, MP Biomedicals, LLC, Irvine, CA).
Methods used were based on previous studies (Droste et al, 2008; Linthorst et al, 1994).
Dialysates were diluted (1:200) with steroid diluent according to the standard RIA kit protocol.
A standard curve was generated with standards provided by the kit with the addition of 2
standards made with steroid diluent (2.5 ng/mL and 10 ng/mL) to allow for detection of
dialysate concentrations of CORT. Standards and dialysate samples were run in duplicate.
Both 125I tracer and anti-serum were added to all standard and sample tubes (glass, 12 × 75
mm). All tubes were then vortexed briefly and incubated at room temperature for 2 h. Following
incubation, a precipitant solution was added to all tubes and then tubes were vortexed
thoroughly. All assay tubes were then centrifuged for 15 minutes at 2500 r.p.m. (1000 x g).
Once centrifuged, all tubes were decanted and allowed to drain for 10 min. The precipitate was
counted in a gamma counter (COBRA II auto-gamma, Packard Bioscience Company, Shelton,
CT). The inter-assay variance was 15% and the intra-assay variance was 12% with a detection
limit of 0.33 ng/mL. Concentrations of CORT from microdialysis samples were not corrected
for probe recovery.

4.7 Histological verification
Rats were killed by an injection of Fatal Plus (0.5 mL i.p.; Vortech, Dearborn, MI). The brains
were removed, fixed in 10% formalin (Fisher Scientific, Pittsburgh, PA) and serially sectioned
into 60 μm sections at −15 °C using a cryostat (Leica Instruments, Heidelberg, Germany).
Probe placement was verified under a microscope by an investigator blind to treatment using
the Paxinos and Watson atlas (1986). Animals were excluded from the study when the probe
tracts missed the DMH, punctured the ventricle or penetrated the base of the brain. The
locations of the microdialysis probe placements within the DMH are illustrated in Figure 2.

4.8 Statistics
Data from the 5-HT analysis were analyzed by two-way ANOVA with repeated measures
(SigmaStat version 2.03, Systat Software Inc., San Jose, CA) with treatment as a between-
subjects factor and time as a within-subjects factor. In the presence of a significant treatment
x time interaction, the effects of treatment across time were compared to pretreatment values
using Bonferroni’s t-test, where the sample preceding treatment initiation (−20 min) served as
the control value. Differences in means of extracellular 5-HT concentrations between groups
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at individual time points were tested using the SNK test. Data from the CORT measurements
were analyzed using a one-way ANOVA with repeated measures, with restraint as a between-
subjects factor and time as a within-subjects factor. All data were tested for the presence of
outliers using the Grubbs’ test (Rohlf and Sokal, 2009). There were three outliers detected
among the 240 samples evaluated for 5-HT (1 in the Vehicle, no restraint group and 2 in the
D-22, no restraint group; P < 0.05). An additional three 5-HT measurements that exceeded
600% changes in 5-HT during the later sampling periods (140 – 180 min) were treated as
missing values. There were five outliers detected among the 96 samples evaluated for CORT
(P < 0.05). Significance levels for all statistical tests were set at P ≤ 0.05.
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D-22 1, 11-diethyl-2,22-cyanine iodide; decynium 22

DMH dorsomedial hypothalamus

ENT4 equilabrative nucleoside transporter 4

HPA hypothalamic-pituitary-adrenal

HPLC high performance liquid chromatography

MATE1 multidrug and toxin extrusion protein 1

MH medial hypothalamus

NE norepinephrine

OCT1 slc22a1, solute carrier family 22 (organic cation transporter), member 1; organic
cation transporter 1

OCT2 slc22a2, solute carrier family 22 (organic cation transporter), member 2; organic
cation transporter 2

OCT3 slc22a3, solute carrier family 22 (organic cation transporter), member 3; organic
cation transporter 3; extraneuronal monoamine transporter (EMT)

PMAT plasma membrane monoamine transporter

PVC polyvinyl chloride

PVN paraventricular nucleus of the hypothalamus

RT-PCR reverse transcriptase-polymerase chain reaction

SERT slc6a4, solute carrier family 6 (neurotransmitter transporter, serotonin), member
4; serotonin transporter
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Fig 1.
Perfusion of decynium 22 (D-22) into the medial hypothalamus (MH) potentiated extracellular
serotonin (5-hydroxytryptamine; 5-HT) concentrations in rats subjected to mild restraint when
compared to perfusion of D-22 into the MH in rats that were not restrained. There were no
significant changes in extracellular 5-HT concentrations in the MH in unrestrained or restrained
rats perfused with vehicle. The dark bar represents the duration of restraint and the simultaneous
perfusion of D-22 or dilute ethanol vehicle. The arrow indicates the onset of perfusion (n = 5/
group; aP < 0.05 vs −20 min sample; bP < 0.001 vs. −20 min sample; cP < 0.05 vs. all other
groups; dP < 0.001 vs. all other groups; eP < 0.001 vs. vehicle-treated groups, P < 0.05 vs
D-22; fP < 0.05 vs. vehicle-treated groups).
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Fig 2.
Illustrations showing microdialysis probe placements within the medial hypothalamus (MH)
for individual rats used for analysis of extracellular serotonin (5-hydroxytryptamine; 5-HT)
concentrations. Black bars, indicating the working surface of the microdialysis probe (0.2 mm
wide, 2.2 mm long), are drawn to scale. The figures are adapted from the atlas by Paxinos and
Watson (1986).
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