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Abstract

Serotonin (5-HT) is a potent neuromodulator with multiple receptor types within the 

cardiorespiratory system, including the nucleus tractus solitarii (nTS) - the central termination site 

of visceral afferent fibers. The 5-HT7 receptor facilitates cardiorespiratory reflexes through its 

action in the brainstem and likely in the nTS. However, the mechanism and site of action for these 

effects is not clear. In this study, we examined the expression and function of 5-HT7 receptors in 

the nTS of Sprague-Dawley rats. 5-HT7 receptor mRNA and protein were identified across the 

rostrocaudal extent of the nTS. To determine 5-HT7 receptor function, we examined nTS synaptic 

properties following 5-HT7 receptor activation in monosynaptic nTS neurons in the in vitro 

brainstem slice preparation. Application of 5-HT7 receptor agonists altered tractus solitarii evoked 

and spontaneous excitatory postsynaptic currents which were attenuated with a selective 5-HT7 

receptor antagonist. 5-HT7 receptor-mediated changes in excitatory postsynaptic currents were 

also altered by block of 5-HT1A and GABAA receptors. Interestingly, 5-HT7 receptor activation 

also reduced the amplitude but not frequency of GABAA-mediated inhibitory currents. Together 

these results indicate a complex role for 5-HT7 receptors in the nTS that mediate its diverse effects 

on cardiorespiratory parameters.
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1. INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) is a potent neuromodulator in the cardiorespiratory 

system, with varying and sometimes contradictory effects. Currently there are 14 known 5-

HT receptors (5-HTRs) in 7 sub-families. With the exception of 5-HT3R, all of these 
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receptors are G-protein coupled receptors that activate downstream pathways to elicit their 

physiological effects. The diverse effects of 5-HT are likely due, in part, to the many 

different 5-HTRs and their activated second messengers within the autonomic nervous and 

respiratory pathways.

The nucleus tractus solitarii (nTS) contains the first central synapses to receive visceral 

afferents from baroreceptors and peripheral chemoreceptors, is intrinsically O2 and CO2/pH 

sensitive, and has reciprocal connections to many central cardiorespiratory nuclei within the 

brainstem and forebrain (Accorsi-Mendonça and Machado, 2013; Dean, 2010; Kline, 2008; 

Matott et al., 2014). The nTS is densely innervated by 5-HT fibers originating from the 

ventral raphe (Thor and Helke, 1988), peripheral ganglia (Nosjean et al., 1990; Thor et al., 

1988), and perhaps the nTS itself (Calzà et al., 1985). Several 5-HTRs have been 

anatomically and functionally identified in the nTS, including the 5-HT1, 2, 3, and 4 

receptor subtypes (Raul, 2003). For instance, 5-HT1ARs are located postsynaptically on nTS 

neurons where they inhibit evoked and spontaneous excitatory and inhibitory postsynaptic 

currents (EPSCs and IPSCs) and decrease respiration (Ostrowski et al., 2014). Activation of 

5-HT2R in the nTS lowers heart rate, blood pressure, and delays the hypoxic ventilatory 

response (Comet et al., 2007; Kanamaru and Homma, 2009), and activation of 5-HT2AR and 

5-HT2CR augment nTS EPSCs (Austgen and Kline, 2013; Austgen et al., 2012). Presynaptic 

5-HT3Rs augment nTS neurotransmission by increasing spontaneous glutamate release (Cui 

et al., 2012) as well as inhibit cardiac reflex responses (Sévoz et al., 1997; Weissheimer and 

Machado, 2007). 5-HT4Rs in the nTS attenuate cardiopulmonary reflexes (Edwards and 

Paton, 1999).

5-HT7R, the most recently discovered 5-HT receptor (Bard et al., 1993; Lovenberg et al., 

1993; Ruat et al., 1993; Shen et al., 1993), has been demonstrated via in situ hybridization 

throughout the CNS, including nTS (Gustafson et al., 1996). 5-HT7R has been implicated to 

have functional or modulatory roles in respiratory (Hoffman and Mitchell, 2013, 2011; 

Nichols et al., 2012) and cardiovascular reflexes (Damaso et al., 2007; Jordan, 2005; Kellett 

et al., 2005a; Oskutyte et al., 2009). For example, block of 5-HT7R within the brainstem of 

anesthetized rats attenuated the vagal-mediated bradycardia evoked by the cardiopulmonary, 

baro- and chemoreflexes (Kellett et al., 2005a). This was confirmed in conscious rats where 

brainstem 5-HT7R blockade attenuated the bradycardia and pressor response to 

cardiopulmonary and peripheral chemoreceptor reflex activation (Damaso et al., 2007). The 

5-HT1/7 agonist (5-carboxamidotryptamine, 5-CT) ionophoresed directly onto nTS neurons 

resulted in a mix of excitatory and inhibitory responses, as well as non-responding neurons 

(Oskutyte et al., 2009). 5-CT induced neuronal excitation, as well as vagal-afferent induced 

activity, were reduced or eliminated by 5-HT7R block. Taken together, these studies suggest 

5-HT7R within the brainstem enhance several cardiorespiratory reflexes by augmenting 

neuronal discharge. Given the prominent role of the nTS in integrating visceral reflexes and 

the identification of 5-HT7R mRNA in this nucleus, the nTS is therefore a likely target for 

this effect. However, the synaptic mechanisms by which these 5-HT7R mediated effects in 

the nTS may occur are largely unknown. The goal of the present study was to determine the 

functional role of 5-HT7Rs on synaptic transmission in monosynaptic second-order nTS 

neurons.
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2. RESULTS

2.1. 5-HT7R is present in the nucleus tractus solitarii

With the exception of one in situ hybridization study (Gustafson et al., 1996), the 

distribution or presence of 5-HT7R within the nTS has not been described. Therefore, we 

used RT-PCR and immunoblot to examine the presence and distribution of 5-HT7R mRNA 

and protein within the caudal nTS. 5-HT7R mRNA was localized in the nTS and was 

significantly greater compared to the nodose-petrosal ganglia (NPG), the location of visceral 

afferent somas (Fig 1A, p=0.023 paired t-test). There was not a significant difference in nTS 

mRNA expression relative to the cerebellum, where abundant 5-HT7R has been shown 

(Geurts et al., 2002; Kinsey et al., 2001). Likewise, brainstem tissue excluding nTS (medial 

to ventral brainstem) was not significantly different compared to that of the nTS. In order to 

determine if there was a pattern in distribution of 5-HT7 receptors within the nTS we 

examined the expression of 5-HT7R mRNA in paraformaldehyde fixed coronal sections. 

The rostral-caudal extent of these sections was inclusive of regions recorded 

electrophysiologically in this study, which include sub-nuclei involved in modulation and 

integration of cardiorespiratory reflexes. 5-HT7R mRNA was present throughout the 

rostrocaudal nTS examined with no significant differences among its distribution (Fig 1B). 

Lastly, immunoblots showed a protein band in the expected range for 5-HT7R (~54 kDa, Fig 

1C). These data show 5-HT7R is expressed in the nTS.

2.2. 5-HT7R activation modulates afferent evoked synaptic transmission

Given the prominent role that 5-HT plays in the modulation of synaptic transmission and 

cardiorespiratory parameters in the nTS (Comet et al., 2007; Jeggo et al., 2007; Jordan, 

2005; Nalivaiko and Sgoifo, 2009; Ostrowski et al., 2014; Takenaka et al., 2011) as well as 

5-HT7Rs apparent influence on cardiorespiratory reflexes (Kellett et al., 2005a, 2005b), we 

sought to determine the role of 5-HT7Rs on nTS synaptic properties. As such, two distinct 5-

HT7R agonists, LP 44 (2, 10, and 100 μM) and AS 19 (1 and 10 μM), were used to examine 

evoked and spontaneous synaptic properties of monosynaptic neurons in the medial and 

commissural sub-nuclei of the nTS.

The mean baseline cellular parameters, based on values from 97 cells from 60 brainstem 

slices, consisted of a resting membrane potential (RMP) of −56 ± 1 mV, input resistance 

(Rin) of 670 ± 43 MΩ, and membrane capacitance of 19.8 ± 0.7 pF. Spontaneous excitatory 

postsynaptic currents (EPSCs) had amplitudes of −21 ± 1.1 pA and an instantaneous 

frequency of 23 ± 1.5 Hz. For tractus solitarius (TS) stimulation at 0.5 Hz, EPSC latency 

was 4.54 ± 0.18 ms, jitter was 182 ± 7 μs, and amplitude was −111.4 ± 6.5 pA. During 

vehicle time controls (aCSF or 0.01% DMSO in aCSF), all synaptic events (e.g. TS-EPSC 

amplitude, sEPSC amplitude and frequency, etc.) changed less than ±15% during our 20-25 

minute recording period. Thus, cells that respond to 5-HT7R manipulation were defined as 

those which changed greater than 15% from their baseline for any given variable measured.

In the presence of LP 44, there were cells that increased and decreased TS-EPSC amplitude 

from baseline, as well as those that did not respond. Due to these offsetting responses of LP 

44, across the three doses of LP 44 there were no significant changes overall from aCSF 
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baseline in the amplitude of single TS-EPSCs. However, the predominant effect of LP 44 

was to reduce TS-EPSC amplitude. Fig 2A is a representative example of decreased TS-

EPSC amplitude in 10 μM LP 44 from baseline, whereas Fig 2B demonstrates the magnitude 

and direction of change for all cells tested. No significant increases in TS-EPSC were seen 

for any concentration of LP 44, yet those cells that reduced their amplitude with LP 44 did 

so significantly. Decreases in TS-EPSC amplitude were found across all LP 44 

concentrations in similar proportions [55% (6/11) for 2, 10 and 100 μM]. Compared to its 

baseline, 2 μM LP 44 significantly reduced TS-EPSC amplitude for those that decreased 

(baseline, −109 ± 22 pA vs. LP 44, −81 ± 15 pA, n=6, Wilcoxon test p=0.03); only one 

neuron increased amplitude. Decreased responders in 10 μM LP 44 also significantly 

reduced TS-EPSC amplitude compared to baseline (baseline, −103 ± 35 pA vs. LP 44, −76 ± 

28 pA, n=6, p = 0.03); three cells increased amplitude. During 100 μM, the TS-EPSC 

decreased in six neurons with the TS-EPSC completely and irreversibly eliminated in four of 

these, significantly reducing the mean amplitude (baseline, −121 ± 26 pA vs. LP 44, −13 ± 

10 pA, n=6, p=0.03); four cells increased TS-EPSC amplitude.

The direction of amplitude change induced by LP 44 did not correlate with the cells’ 

baseline values for capacitance, holding current, Rin, jitter, latency, or TS-EPSC amplitude 

(p > 0.05, Pearson correlation). There was a significant decrease in Rin with 2 μM LP 44 

(baseline, 694 ± 139 vs. LP 44, 581 ± 111 MΩ), but no difference for 10 μM (baseline, 456 

± 59 vs. LP 44, 445 ± 87 MΩ) or 100 μM LP 44 (baseline, 790 ± 130 vs. LP 44, 700 ± 107 

MΩ).

Given the variability of responses to LP 44, we also examined synaptic currents in response 

to another 5-HT7R agonist, AS 19. While AS 19 is a high affinity 5-HT7R agonist, its 

affinity for the receptor is lower compared to LP 44 (Brenchat et al., 2009; Leopoldo et al., 

2011). As with LP 44, 5-HT7R activation of nTS neurons by 1 and 10 μM AS 19 resulted in 

neurons which increased and decreased EPSC amplitude, as well as some that did not 

change. Overall, there was no significant effect of 1 μM AS 19 on 0.5 Hz TS-EPSC 

amplitude (baseline, −102 ± 18 pA vs. AS 19, −113 ± 28 pA), likely due to these variable 

responses. Of these recordings 42% (5/12) did not respond, 33% (4/12) increased TS-EPSC 

amplitude, and 25% (3/12) reduced amplitude (Fig 2B). There was no effect on Rin 

(baseline, 833 ± 100 vs. AS 19, 787 ± 114 MΩ). Likewise, for 10 μM AS 19 there was no 

overall significant effect on TS-EPSC amplitude (baseline, −95 ± 20 vs. AS 19, −107 ± 26 

pA). Of these neurons, 38% (3/8) did not respond, 50% (4/8) increased, and 13% (1/8) 

decreased amplitude. There was no effect on Rin (baseline, 579 ± 49 vs. AS 19, 463 ± 152 

MΩ). The increased and decreased responders for both concentrations of AS 19 were not 

significantly different from baseline. Therefore LP 44 was utilized for the majority of 5-

HT7R experiments due both to its greater degree of response and greater affinity for 5-

HT7R.

Repetitive stimulation that mimics a sustained increase in in vivo sensory activity 

progressively reduces TS-EPSC amplitudes following the first stimulation event. The 

magnitude of this use-dependent depression (UDD) during a prolonged stimulus train 

(Miles, 1986), and the paired pulse ratio between the second and first EPSC [PPR, TS-

EPSC2/TS-EPSC1, (Kline et al., 2007)] are indicators of changes in presynaptic release. 
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UDD of TS-EPSCs (20 Hz stimulation) was observed in all cells independent of LP 44 dose 

subsequently tested, consistent with other studies (Austgen et al., 2012; Miles, 1986). While 

5-HT7R activation with LP 44 (10 μM) reduced the initial TS-EPSC amplitude in the 

majority of cells, it also showed a trend for decreased UDD compared to baseline (Fig 2D). 

The PPR increased with increasing concentrations of LP 44 (Fig 2D, one way ANOVA 

p=0.005). For 10 μM LP-44 the PPR increased from 0.40 ± 0.06 (baseline) to 0.51 ± 0.05 

(paired t-test, p= 0.05) and for 100 μM increased from 0.40 ± 0.08 (baseline) to 0.60 ± 0.05 

(p= 0.014). 2 μM LP 44 and 1 and 10 μM AS 19 did not alter the PPR. These data show that 

5-HT7R activation (10 & 100 μM LP 44) reduces the initial TS-EPSC amplitude but has less 

effect on or even increases subsequent TS-EPSCs.

2.3. 5-HT7R activation does not alter spontaneous EPSCs

Spontaneous (s)EPSCs represent synaptic events that originate from all neurons which form 

a synapse on the recorded cell, and may represent network activity (Fortin and Champagnat, 

1993). As with TS-EPSCs, sEPSC amplitude and instantaneous frequency overall did not 

change with 5-HT7R activation but resulted in some neurons that either increased or 

decreased in amplitude or frequency (Fig 3A, B). For the majority of cells, activation by 3 

concentrations of LP 44 or 2 concentrations of AS 19 did not alter sEPSC amplitude or 

frequency greater than vehicle.

As shown in Figure 3A, sEPSC amplitude during 5-HT7R activation decreased from their 

own baseline in 11% (1/9), 38% (3/8) and 27% (3/11) of cells whereas it increased in 22% 

(2/9), 25% (2/8), and 18% (2/11) of cells with 2, 10 and 100 μM LP 44, respectively. sEPSC 

amplitude during AS 19, compared to their respective baseline, decreased in 17% (2/12, 1 

μM) and 25% (2/8, 10 μM), and increased in 25% (3/12, 1 μM) and 38% (3/8, 10 μM) of 

neurons. Likewise in Figure 3B, LP 44 decreased sEPSC frequency in 33% (3/9), 50% (4/8) 

and 27% (3/11) of cells, and increased frequency in 22% (2/9), 38% (3/8) and 45% (5/11, 

p=0.06 from baseline) of cells during 2, 10 and 100 μM LP 44, respectively. The frequency 

of sEPSCs during AS 19, compared to their baseline, decreased in in 25% [3/12 (1 μM) and 

2/8 (10 μM)], and increased in 25% [3/12 (1 μM) and (2/8 (10 μM)] of neurons. sEPSCs in 

several cells did not respond to LP 44 or AS 19 by > 15%, and thus were considered non-

responders (Fig 3A, B).

Change in sEPSC amplitude or frequency was not concentration dependent (Fig 3A, B). As 

such the cells were combined within an agonist and the potential correlations between 0.5 

Hz TS-EPSC and sEPSC effects by 5-HT7R activation were examined. There was no 

correlation between 5-HT7R mediated change in amplitude between TS-EPSC and sEPSC. 

That is, a neuron that decreased 0.5 Hz TS-EPSC amplitude did not necessarily reduce 

sEPSC amplitude in response to LP 44 or AS 19. There was also no significant correlation 

between 5-HT7R activation changes in TS-EPSC amplitude and sEPSC instantaneous 

frequency. There was also no significant correlation between changes in sEPSC amplitude 

or instantaneous frequency with 5-HT7R activation. These results suggest that if 5-HT7Rs 

modulate nTS network activity it is independent of any effect on afferent-mediated 

modulation.
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2.4. 5-HT7R activation by LP 44 reduces mEPSC frequency but not amplitude

To examine 5-HT7R activation on neurotransmitter release and receptor efficacy without the 

potential influence of network activity, miniature (m) EPSCs were recorded in the presence 

of 1 μM TTX and 25 μM gabazine (Gz) to block sodium channels and GABAA receptors, 

respectively. Subsequently, 10 μM LP 44 or AS 19 was used to activate 5-HT7Rs. As shown 

in the representative traces, 5-HT7R activation by LP 44 decreased the frequency of 

mEPSCs (Fig 3C). There was a significant rightward shift in the cumulative fraction of 

mEPSC intervals (Fig. 3D; p < 0.05, Kolmogorov-Smirnov, two-sample test) whereas 

mEPSC amplitudes did not change (not shown). The mean amplitude of the mEPSCs (−20 ± 

4 pA, n=7) was unchanged between TTX + Gz baseline and LP 44. However, the mean 

mEPSC instantaneous frequency was slightly but significantly reduced from 22 ± 3 Hz in 

TTX + Gz to 20 ± 3 Hz with LP 44 (Fig 3E, paired t-test p=0.02, n=7). A decrease in 

mEPSC frequency by LP 44 was seen in 86% (6/7, two sample Kolmogorov-Smirnov test) 

of individual cells with the remaining cell showing no change in frequency. Activation of 5-

HT7R with 10 μM AS 19 had no significant effect on either mEPSC amplitude or frequency 

(Fig 3E). These data provide evidence that 5-HT7R activation by LP 44 reduces mEPSC 

frequency but does not alter amplitude.

2.5. Effect of 5-HT7R blockade alone and with LP 44 on EPSCs

To determine if 5-HT7R tonically modulates synaptic transmission we used the selective 

antagonist SB 269970 (SB, 1 μM). Compared to aCSF baseline, antagonism of 5-HT7R did 

not alter mean TS-EPSC amplitude evoked at 0.5 Hz (baseline, −106 ± 10 pA vs. SB, −111 

± 14 pA, Fig 4A1), or sEPSC amplitude (baseline, −19 ± 3.5 pA vs. SB, −16 ± 2.3 pA) or 

sEPSC frequency (baseline, 29 ± 3 Hz vs. SB, 26 ± 2 Hz) when examined overall or 

segregated by those which decreased or increased their response. There were also no 

significant changes in UDD (not shown) or PPR (baseline, 0.57 ± 0.1 vs. SB, 0.57 ± 0.09) in 

response to SB 269970 alone. Rin also did not change (baseline, 577 ± 79 MΩ vs. SB, 579 ± 

85 MΩ). These data suggest 5-HT7Rs do not tonically modulate synaptic transmission in 

nTS.

In the presence of 5-HT7R blockade with SB 269970, subsequent application of the 5-HT7R 

agonist LP 44 (10 μM) did not alter TS-EPSCs (Fig 4A1 SB alone, −111 ± 14 pA vs. SB + 

LP 44, −106 ± 15 pA, n=10). Sixty percent (6/10) of recordings did not respond by more 

than 15% of SB alone (control) with two recordings each increasing and decreasing (Fig 

4A1). This compares to 10 μM LP 44 alone in which there was only one non-responder (Fig 

4A1). Additionally, LP 44 in the presence of SB 269970 did not change UDD (not shown) 

or PPR (SB alone, 0.57 ± 0.09 vs. SB + LP 44, 0.62 ± 0.1). Examining sEPSC amplitude 

(Fig 4A2), 60% (6/10) of cells did not respond to LP 44 in SB, while 30% decreased 

amplitude and 10% increased amplitude. For sEPSC frequency (Fig 4A2), 70% (7/10) of 

cells were non-responders while 20% decreased frequency and 10% increased frequency 

with LP 44 in SB. There was no significant change in Rin with SB + LP 44 (537 ± 80 MΩ) 

compared to SB alone (579 ± 85 MΩ).
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2.6. 5-HT1AR blockade does not alter LP 44 or AS 19 mediated responses

A study in the hippocampus suggested LP 44 acted as a mixed 5-HT1AR and 5-HT7R 

agonist (Costa et al., 2012). We previously demonstrated a role for 5-HT1AR in the nTS to 

decrease EPSCs (Ostrowski et al., 2014). In order to determine if altered synaptic properties 

elicited by LP 44 in the present study were due, in part, to 5-HT1AR activation, we recorded 

in the presence of LP 44 (10 μM) and WAY 100135 (10 μM) a selective 5-HT1AR 

antagonist (Ostrowski et al., 2014). We also recorded AS 19 (1 μM) in the presence of WAY 

100135.

As with 5-HT7R activation by LP 44 or AS 19 alone, increased and decreased TS-EPSC 

amplitudes were seen in response to LP 44 or AS 19 in the presence of WAY 100135, 

although there was a general reduction in responders compared to LP 44 or AS 19 alone (Fig 

4B1). Specifically, TS-EPSC amplitude in the presence of LP 44 and WAY 100135 did not 

alter 50% (4/8) of cells, decreased 38% (3/8) and increased 12% (1/8). A similar proportion 

occurred for AS 19 in WAY 100135: 50% (5/10) of cells were non-responders, 30% (3/10) 

decreased amplitude and 20% (2/10) increased amplitude. In the presence of WAY there 

was no change in Rin for either LP 44 (WAY alone, 466 ± 171 MΩ vs. WAY+LP 44, 496 ± 

151 MΩ) or AS 19 (WAY alone, 700 ± 140 MΩ vs. WAY+AS 19, 711 ± 107 MΩ). Addition 

of LP 44 or AS 19 in the presence of WAY did not change UDD compared to WAY by 

itself (not shown). There was no significant difference in PPR for WAY alone (0.66 ± 0.10) 

or 10 μM LP 44 in the presence of WAY (0.65 ± 0.07) compared to aCSF control (0.61 ± 

0.12). Likewise, the PPR did not significantly change between aCSF (0.48 ± 0.04), WAY 

(0.52 ± 0.06) and AS 19 in WAY (0.53 ± 0.07).

The sEPSCs were not altered by LP 44 or AS 19 in WAY. For sEPSC amplitude during LP 

44 in WAY, 62% (5/8) of cells did not change compared to WAY alone while 38% (3/8) 

decreased amplitude by more than 15% of baseline (Fig 4B2). No increases in sEPSC 

amplitude were seen with LP 44 in the presence of WAY 100135. Likewise, AS 19 in WAY 

did not alter sEPSC amplitude in 80% (8/10) of cells, while one decreased and one 

increased. For sEPSC frequency, 75% (6/8) of LP 44 cells in WAY were non-responders 

with one increase and one decrease. For AS 19 in WAY, 80% (8/10) of cells did not change 

sEPSC frequency with one decrease and one increase. Taken together, block of 5-HT7R and 

5-HT1AR did not appreciably alter EPSCs alone or following addition of 5-HT7R agonists.

2.7. Co-5-HT7R and 5-HT1AR blockade significantly reduces TS-EPSC amplitude

Since 5-HT7R blockade with SB 269970 and 5-HT1A blockade with WAY 100135 did not 

separately eliminate all responses to LP 44, experiments were conducted in the presence of 

both antagonists. Previously, blockade of either 5-HT7R (Fig 4A1) or 5-HT1AR [not shown, 

and previously (Ostrowski et al., 2014)] alone did not alter TS-EPSCs evoked at 0.5 Hz. 

However, the combined blockade of 5-HT7 and 5-HT1ARs (SB + WAY) significantly 

decreased 0.5 Hz TS-EPSCs from −91 ± 12 pA to −77 ± 12 pA (p=0.003, a significant 

reduction of 17%, Fig 4C1, n=8). There was also a significant reduction in PPR for SB + 

WAY combined compared to aCSF control (0.54 ± 0.04 to 0.39 ± 0.05, p=0.005), whereas 

there was no effect on UDD. Rin significantly decreased from 598 ± 101 MΩ to 490 ± 81 

MΩ (p=0.05).
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When 10 μM LP 44 was subsequently added in the presence of SB + WAY, there was no 

significant change in 0.5 Hz TS-EPSC amplitude (Fig 4C1). The decreased PPR observed 

with SB + WAY combined increased with addition of 10 μM LP 44 (SB + WAY, 0.39 ± 

0.05 to SB + WAY+ LP 44, 0.57 ± 0.08, p=0.015) resulting in a PPR not significantly 

different from aCSF baseline. There was also a significant effect on UDD with the 

amplitude of LP 44 in SB + WAY lower for each respective stimulus as compared to SB + 

WAY alone (two-way RM ANOVA, between SB + WAY and LP 44 in SB + WAY 

p=0.015, interaction effect treatment × event, p=0.014, n=8). Rin significantly increased 

from 490 ± 81 MΩ (SB + WAY) to 615 ± 81 MΩ in SB + WAY + LP 44 (p=0.005).

Overall, sEPSC amplitude and frequency were not altered by co-block of 5-HT7/1ARs 

(amplitude aCSF baseline, −17 ± 2 vs. SB + WAY, −17 ± 3 pA, frequency aCSF baseline, 

33 ± 6 vs. 29 ± 5 Hz). Addition of LP 44 in SB + WAY also had no effect on overall 

amplitude and frequency (LP 44 in SB + WAY amplitude, −14 ± 2 pA, frequency, 27 ± 4 

Hz). For sEPSC amplitude during LP 44 in SB and WAY, 25% (2/8) of cells did not respond 

while 50% (4/8) decreased amplitude and 25% increased amplitude (Fig 4C2). For sEPSC 

frequency, 50% (4/8) of cells in SB and WAY were non-responders with 25% (2/8) 

increasing and 25% decreasing.

2.8. 5-HT7R activation modulate GABAAR influence on EPSC and GABAergic IPSCs

Given the variable response of 5-HT7R activation, we postulated that part of its effects may 

be due to the influence of 5-HT7R on inhibitory network activity, as in other nuclei (Harsing 

et al., 2004; Kawahara et al., 1994). Noting the prominent role of GABAARs on nTS activity 

(Bailey et al., 2008; Dufour et al., 2010; Zubcevic and Potts, 2010), we examined the 

influence of IPSCs on 5-HT7R-modulation of EPSCs, as well as 5-HT7R modulation of 

IPSCs.

EPSCs following 5-HT7R activation with LP 44 were examined in the presence of 

GABAAR blockade with gabazine (Gz, 25 μM). Gabazine alone did not alter TS-EPSCs 

recorded at −60 mV (the chloride reversal potential under our recording conditions, Fig 5A). 

Addition of 10 μM LP 44 in the presence of Gz did not alter mean TS-EPSC amplitude (Gz, 

−87 ± 24 pA vs. Gz+LP 44, −82 ± 22pA, Fig 5B, left). Specifically, 67% (6/9) of cells did 

not show a change in TS-EPSC amplitude (Fig 5B, right). Of the remaining neurons, 11% 

(1/9) increased and 22% (2/9) decreased TS-EPSC amplitude by more than 15%. Addition 

of 10 μM LP 44 in the presence of Gz did not alter the magnitude of UDD (not shown) or 

PPR (Gz, 0.72 ± 0.14 vs. Gz + LP 44, 0.77 ± 0.18). Similarly, the addition of LP 44 in the 

presence of Gz did not affect overall sEPSC amplitude (15 ± 2pA for both baseline Gz and 

LP 44 in Gz) or frequency (Gz baseline 21 ± 3 Hz vs. 20 ± 4 Hz, Fig 5C). Specifically, in 

LP 44 in Gz, 63% (5/8) of cells did not change sEPSC amplitude, while 25% (2/8) increased 

and 12% (1/8) decreased (Fig 5C). Likewise, 38% (3/8) of cells did not change sEPSC 

frequency, 25% (2/8) increased and 38% decreased frequency.

We examined the effect of 5-HT7R activation with LP 44 on spontaneous and miniature 

inhibitory postsynaptic currents (sIPSC and mIPSC) using a high chloride recording solution 

in the recording pipette and bath blockade of AMPA and NMDA receptors with NBQX (20 

μM) and AP5 (50 μM), respectively. Fig 5D is a representative example of sIPSCs under 
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baseline (NBQX+ AP5) and the addition of LP 44, and their elimination by Gz (25 μM). 

There was a significant leftward shift in the cumulative fraction of sIPSC amplitude (Fig. 

5E; p < 0.05, Kolmogorov-Smirnov, two-sample test) whereas sIPSC intervals did not 

change (not shown). Quantitatively, LP 44 (10 μM) significantly reduced sIPSC amplitude 

by 33 ± 14% (Fig 5F, left; baseline, −72 ± 25 pA vs. LP 44, −33 ± 9 pA, t-test p=0.05, n=8) 

but did not change sIPSC frequency (Fig 5F, right; control, 29 ± 5 Hz vs. LP 44, 26 ± 4 Hz). 

For mIPSCs, recorded in the presence of TTX, NBQX, and AP5, there was no significant 

effect of LP 44 on amplitude (TTX+NBQX+AP5, −40 ± 7.5 pA vs. LP 44, −54 ± 19 pA) or 

frequency (TTX+NBQX+AP5, 27 ± 5.8 Hz vs. LP 44, 23 ± 5.7 Hz). Therefore, 5-HT7R 

activation alters GABAergic signaling reducing the amplitude of inhibitory currents.

3. DISCUSSION

The results from the present study demonstrate 5-HT7Rs are present in the nTS, but their 

functional role is complex. Specifically, while activation of 5-HT7R modulated the majority 

of nTS neurons, TS-EPSC amplitude increased as well as decreased. However, during 

sustained (20 Hz) stimulation 5-HT7R activation reduced the degree of use dependent 

depression. Miniature EPSCs frequency significantly decreased following 5-HT7R 

activation with LP 44. Blockade of 5-HT7R did not alter TS-EPSCs tonically, but modestly 

reduced the number of LP 44 responding cells. By contrast, 5-HT7 receptor activation 

consistently decreased GABAergic inhibitory network activity. Taken together, these results 

demonstrate 5-HT7Rs variably modulate excitatory neurotransmission but steadily attenuate 

inhibitory transmission, suggesting the overall excitatory role of 5-HT7R in nTS in vivo may 

be due to the shifted balance between these glutamatergic and GABAergic neurotransmitter 

systems.

In the cortex, 5-HT7R activation increases glutamatergic transmission via a presynaptic 

mechanism (Béïque et al., 2004; Ciranna and Catania, 2014), while in the hippocampus 5-

HT7R modulation of excitatory transmission is either inhibited (Otmakhova et al., 2005) or 

enhanced (Costa et al., 2012) by a postsynaptic mechanism. We demonstrate in the present 

study 5-HT7R activation by 2 distinct agonists, LP 44 and AS 19, increase and decrease TS- 

and sEPSC amplitude, but as a whole did not alter mean amplitude across the cell samples 

studied. Interestingly, while 5-HT7R activation with LP 44 predominately reduced the initial 

TS-EPSC in a stimulus train, overall EPSC amplitude was greater in subsequent EPSCs in 

PPR and UDD protocols which suggests less depression during prolonged stimulation. 

These changes in PPR and UDD suggest 5-HT7Rs alter presynaptic release properties. This 

is further supported by the reduction of mEPSC frequency with 5-HT7R LP 44 stimulation. 

While both LP 44 and AS 19 are potent 5-HT7R agonists, LP 44 has the higher binding 

affinity than AS 19 for the receptor (Andrade et al., 2015; Leopoldo et al., 2011). Such 

binding differences may account for the greater effects of LP 44 compared to AS 19 in the 

present study. Nevertheless, this study demonstrates that the 5-HT7R modulates nTS 

synaptic activity.

While 5-HT7R mRNA and protein were localized in the nTS, the expression of mRNA was 

significantly less in the NPG, where the somas of visceral afferents are located. Thus, if 5-

HT7Rs are located on presynaptic glutamatergic terminals to alter presynaptic glutamate 
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release, then we might expect higher amounts of 5-HT7R mRNA in the NPG. Several 

possibilities may explain this apparent contradiction. For instance, 5-HT7R message may be 

low due to stable protein expression in NPG central afferents. Alternatively, 5-HT7R 

message may be primarily localized to sensory afferent terminals, as shown with other 

receptors or channels (Ji et al., 1994; Tohda et al., 2001), and thus the greater message we 

observe in nTS compared to NPG is in these central boutons. Last, 5-HT7R may be located 

in nTS astrocytes or interneurons (and thus their fibers and terminals which may impinge on 

the recorded neuron), and its activation may inhibit neurotransmitter release via a secondary 

mediator(s). 5-HT7Rs have been identified in CNS astrocytes (Doly et al., 2005; Hirst et al., 

1997; Shimizu et al., 1997), but whether they are expressed in nTS astrocytes requires 

further study. Given that 5-HT7R activation with LP 44 alters mEPSC frequency, it is likely 

that 5-HT7Rs are located at least on nearby terminals. Nevertheless, our results are 

consistent with in vivo nTS studies in which ionophoretic application of the non-selective 5-

HT7R agonist 5-CT increased and decreased action potential discharge regardless of whether 

or not the neurons were mono- or polysynaptic to sensory afferents. In those studies, the 

excitatory response was blocked by a selective 5-HT7R antagonist (Oskutyte et al., 2009). 

An excitatory role for 5-HT7R in nTS was further suggested by the attenuation of 

cardiorespiratory reflexes in response to 5-HT block (Damaso et al., 2007; Oskutyte et al., 

2009).

Block of 5-HT7R (SB 269970) or 5-HT1AR (WAY 100135) did not significantly decrease 

TS-EPSCs separately, but co-application of these antagonists did significantly attenuate TS-

EPSC amplitude and significantly reduced the PPR, revealing a potential tonic role for both 

receptors that was masked during single receptor blockade. Our previous work examining 5-

HT1AR in nTS demonstrated these receptors inhibit TS-EPSC amplitude and sEPSC 

frequency, which is not influenced by prior block of 5-HT7Rs with SB 269970 (Ostrowski et 

al., 2014). 5-HT1ARs were identified in nTS somas, and although a portion of them were 

GABAergic, the remaining cell types were un-phenotyped. The variety of responses 

observed with LP 44 or AS 19 were similar whether exposed to the 5-HT1A (WAY 100135) 

or 5-HT7 (SB 269970) receptor antagonists, although the number of responders was 

attenuated. Given that these receptors activate distinct downstream pathways [e.g., 5-

HT1ARs primarily activate the Gi/o signaling pathway to inhibit adenylyl cyclase, whereas 5-

HT7R is coupled to Gs to activate adenylyl cyclase, and also G12 to activate the GTPase 

Rho family (Kvachnina et al., 2005)], one would expect distinct excitatory or inhibitory 

responses in the presence of either antagonist. This was not the case, and several 

possibilities may explain these results. First, LP 44, AS 19 and SB 266970 may not be 

specific for the 5-HT7R, but rather may also bind to the 5-HT1AR, among other receptors 

(Bosker et al., 2009; Costa et al., 2012; Kim et al., 2012; Leopoldo et al., 2011, 2004). Thus, 

several offsetting responses on synaptic currents may occur. Second, a physical and 

functional interaction between 5-HT7R and 5-HT1AR has been reported, including the 

ability to form heterodimers (Ciranna and Catania, 2014; Renner et al., 2012) to influence 

each other's activity. It is therefore possible that 5-HT7R may play a regulatory role by 

interacting with other 5-HTRs. The majority of our data suggest 5-HT7R modulates synaptic 

events via a presynaptic mechanism(s) while our previous study (Ostrowski et al., 2014) 

indicates 5-HT1ARs are located postsynaptically in nTS somas (perhaps interneurons). 
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However, although the electrophysiological evidence suggests primarily a pre-synaptic role 

for 5-HT7R, post-synaptic 5-HT7R is suggested by 5-HT7R induced changes in input 

resistance (i.e., membrane conductance). Pre- and postsynaptic 5-HT7Rs are found in the rat 

spinal cord (Doly et al., 2005) while exclusively postsynaptic 5-HT7Rs were suggested in 

the CA1/CA3 region of the hippocampus (Costa et al., 2012). Also, in other nuclei 5-

HT1ARs can alter EPSCs via presynaptic mechanisms (Costa et al., 2012; Dergacheva et al., 

2011), which suggests the presence of pre-synaptic 5-HT1AR in the nTS, although unlikely, 

cannot be ruled out. Last, there is evidence for agonist-independent constitutive activity for 

5-HT7R (Krobert and Levy, 2002; Kvachnina et al., 2009) which may help explain the 

diversity of responses seen with agonist activation both alone and in the presence of 

selective antagonists for 5-HT7R and 5-HT1AR.

Based on our observations that LP 44 and AS 19 inhibited TS-EPSCs, we explored the 

degree to which this attenuation occurred via an increase in GABAergic mediated inhibition. 

While 5-HT7Rs inhibit GABAergic currents in the superchiastmatic (Kawahara et al., 1994) 

and raphe nuclei (Roberts et al., 2004), 5-HT7R increases sIPSCs in the hippocampus 

(Tokarski et al., 2011) and globus pallidus (Chen et al., 2008). Blockade of GABAAR with 

gabazine showed a distinct attenuation of 5-HT7Rs modulation on TS-EPSC amplitude, 

UDD, and PPR, similar to that seen when blocking 5-HT7R with SB 269970. This may 

indicate that 5-HT7R activation increases GABA release, possibly at the synapse, to reduce 

EPSCs. While we held the cell at the chloride reversal potential to minimize GABAergic 

influence on the recorded cell, 5-HT7R activation may have increased GABAergic influence 

on the nearby unclamped GABAergic and glutamatergic cells and presynaptic terminals. 

When directly examining sIPSCs, LP 44 decreased their amplitude to indicate increased 5-

HT7R activity reduces spontaneous inhibitory events and allows for more spontaneous 

excitation. However, there was no change in miniature inhibitory amplitude or frequency 

which would suggest 5-HT7R activation affects GABAergic neurons within the network 

(interneurons) and is action potential dependent. 5-HT7Rs may affect GABARs at sites that 

influence mEPSCs but not TS-EPSCs. Taken together, these data suggest there are both pre- 

and postsynaptic 5-HT7Rs which can have opposing effects on network activity within the 

nTS.

In summary, the complexity of these results reflects the complexity of responses elicited by 

5-HT within the CNS. Not only can diverse responses occur as a result of the many different 

receptor sub-types, but it seems based on the results of our study and others that complex 

responses may occur from a single 5-HT receptor sub-type as well as from interactions 

between 5-HT receptor sub-types. The exact role of 5-HT7R in the nTS may be better 

understood once more selective agonists are available or through examination of dissociated 

nTS neurons to eliminate the potential confounding effect of activating nearby inhibitory 

and excitatory networks with 5-HT7Rs simultaneously.

4. EXPERIMENTAL PROCEDURE

4.1. Animals

All experiments were conducted following the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals guidelines and protocols were approved by the 
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University of Missouri Animal Care and Use Committee. Male Sprague-Dawley rats 

(Harlan, Indianapolis, IN, USA; n=66) aged 4-7 weeks were used. Animals were housed in 

an in-house animal facility with a 12:12h light-dark cycle with food and water available ad 

libitum.

4.2. Reverse transcription real-time polymerase chain reaction (RT-PCR)

The presence of 5-HT7R mRNA in the nTS was examined via RT-PCR, similar to our 

previous studies (Austgen et al., 2012, 2011). Briefly, rats (n=5) were anesthetized with 

isoflurane, decapitated and the brainstem removed. The brainstem was trimmed and the 

ventral surface affixed onto the chuck of a vibrating microtome (LeicaVT1000S, Leica) with 

cyanoacrylate to generate horizontal slices (~400μm) containing nTS. The nTS was trimmed 

from the slice and snap frozen in liquid nitrogen and stored at −80°C. In addition, brainstem 

lacking nTS, cerebellum, and the nodose-petrosal ganglia (NPG) were isolated, snap frozen 

and stored at −80°C. RNA was isolated using the RNAqueous-Micro Kit, following the 

manufacturer's instructions (Ambion, Life Technologies, Grand Island, NY, USA) and 

quantified (BioPhotometer plus, Eppendorf, Hauppauge, NY, USA). cDNA was generated 

from 100ng mRNA (oligo-dT primer set, SuperScript III, Invitrogen). Quantitative real-time 

PCR amplification of 2μL of cDNA was performed using the SYBR Premix Ex Taq kit 

(Takara, Mountain View, CA, USA), the SmartCycler System (Cepheid, Sunnyvale, CA, 

USA) and the following primers: 5-HT7R (forward: TTT ATC TGT GGC ACC TCC TGT, 

reverse: CCA CAG ACA TGT CCT CTC CA, 10μM; Fisher Scientific, Pittsburgh, PA, 

USA) and the housekeeping gene β2-microglobulin (B2M) (forward: AGC AGG TTC CTC 

AAA CAA GG, reverse: TTC TGC CTT GGA GTC CTT TC 10μM; Fisher Scientific). The 

amount of 5-HT7R mRNA was normalized to B2M using the ΔΔCT method (Livak and 

Schmittgen, 2001).

The rostral-caudal distribution of 5-HT7R was examined using nTS micro-dissected from 

30μm paraformaldehyde fixed coronal tissue slices from 3 rats and extracting mRNA using 

the RNeasy FFPE Kit (Qiagen #73504, Hildern, Germany) according to manufacturer's 

instructions. Quantitative RT-PCR was then performed using a High Capacity RNA-to-

cDNA kit (Life Technologies #4387406) with primers for 5-HT7R and B2M as above.

4.3. Immunoblot

Presence of 5-HT7R protein in nTS was verified by immunoblot analysis. Rats (n=2) were 

anesthetized, decapitated, the brainstem removed, and tissue samples prepared and taken as 

described for RT-PCR. Tissue samples were homogenized in extraction buffer (150 mM 

NaCl, 100 mM Tris-HCl, 1% Triton X, protease inhibitor cocktail (Complete Mini, EDTA-

free, Roche Diagnostics, Indianapolis, IN, USA)), centrifuged (15 min, 13,300 rpm, 4°C), 

and the supernatant collected. Protein concentrations were determined with the Bio-Rad 

Protein Assay Dye Reagent (Bio-Rad, Hercules, CA, USA) and 100 μg of protein was 

separated in a 4-20% precast Mini-PROTEAN TGX gel (Bio-Rad) and transferred to an 

Immun-Blot PVDF membrane (Bio-Rad). Membranes were subsequently incubated (48 h, 

4°C) with primary antibodies against 5-HT7R (rabbit 1:500, Abcam #101913, Cambridge, 

MA, USA) and tubulin (mouse, 1:100, Abcam #7291), washed, and incubated with HRP-

linked secondary antibodies (1:1000, 2h, 23°C, Jackson Immunoresearch Laboratories, West 
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Grove, PA, USA). Blots were developed with ImmunStar WesternC substrate (BioRad, 

Hercules, CA, USA) and imaged with ChemiDoc XRS+ Imager using Image Lab Software 

(Version 5.1, Bio-Rad).

4.4. In vitro brain slice nTS preparation, electrophysiology and protocols

Rats were anesthetized with Isoflurane, decapitated, and the brainstem rapidly removed and 

placed in either ice-cold low-Ca2+, high Mg2+ artificial cerebrospinal fluid (aCSF, in mM: 

124 NaCl, 3 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 25 NaHCO3, 11 D-glucose, 0.4 L-ascorbic 

acid, 2 MgCl2, and 1 CaCl2, aerated with 95% O2 + 5% CO2, pH 7.4, 300-310 mOsm) or an 

N-methyl-D-glucamine (NMDG)-HEPES cutting solution (in mM: 93 NMDG, 2.5 KCl, 1.2 

NaH2PO4, 10 MgSO4, 30 NaHCO3,20 HEPES, 25 D-glucose, 5 L-ascorbic acid, 2 thiourea, 

3 sodium pyruvate and 0.5 CaCl2, aerated with 95% O2 + 5% CO2, pH 7.4, 300-310 

mOsm). The brainstem was trimmed and the ventral surface affixed with cyanoacrylate onto 

the chuck of a vibrating microtome to generate horizontal slices (~280 μm) that contained 

the nTS and a long length of the afferent containing tractus solitarii (TS) in the same plane.

Slices were placed in a heated recording chamber (Warner Instruments, TC-344B, Hamden, 

CT, USA) and secured with a nylon mesh harp. Slices were superfused with recording aCSF 

(in mM: 124 NaCl, 3 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 25 NaHCO3, 11 D-glucose, 0.4 L-

ascorbic acid, and 2 CaCl2, aerated with 95% O2 + 5% CO2, pH 7.4, 300-310 mOsm) at 

32-35°C and allowed to recover a minimum of 30 minutes following slicing before 

recording.

Recording electrodes (3-5 MΩ) were pulled from borosilicate glass (#8250 King Precision 

Glass, Inc., Claremont, CA, USA) on a horizontal pipette puller (Sutter Instruments P-97, 

Novato, CA, USA). Neurons were visualized on an Olympus BX51WI fixed stage upright 

microscope with DIC optics. Recording electrodes were lowered to the surface of the neuron 

by a piezoelectric micromanipulator (Burleigh PCS-6000, Mississauga, Ontario, Canada), 

under positive pressure. A tight giga-ohm seal was formed prior to the whole-cell 

configuration. Neurons were voltage clamped at −60mV. Cell capacitance, input resistance 

(Rin), series resistance (Rs), resting membrane potential (RMP), and holding current were 

measured initially and monitored throughout recordings. An initial Rs > 25 MΩ was 

compensated for prior to control recordings. Signals were filtered at 2 kHz and acquired at 

10 kHz using a Multiclamp 700B amplifier controlled by Clampex 10 software by a 

Digidata 1440 interface (Molecular Devices, Sunnyvale, CA, USA).

To examine EPSCs, recording electrodes were filled with (in mM) 130 K+-gluconate, 10 

NaCl, 11 EGTA, 10 HEPES, 1 MgCl2, 1 CaCl2, 2 MgATP, 0.2 NaGTP. Tractus solitarii 

(TS) evoked excitatory postsynaptic currents (TS-EPSCs) were induced by placing a bipolar 

stimulating electrode (FHC, Bowdoin, ME, USA) on the afferent containing TS and 

generating stimulus trains at 0.5 or 20 Hz, the latter mimicking increases in afferent activity. 

For each recording, TS stimulus intensity was progressively increased until an EPSC was 

evoked. Final intensity was ~25% above this minimum in order to ensure consistent evoked 

responses while avoiding polysynaptic inputs. Spontaneous EPSCs (sEPSCs) were recorded 

for 1 minute in gap-free recordings without stimulation. Spontaneous miniature EPSCs 

(mEPSCs) were examined by adding 1 μM tetrodotoxin (TTX, Na+ channel blocker) and 25 
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μM gabazine (GABAA antagonist) to the aCSF. Inhibitory postsynaptic currents (IPSCs) 

were recorded by using a high Cl− filling solution (in mM 140 CsCl, 5 NaCl, 10 EGTA, 10 

HEPES, 1.2 MgSO4, 3 K-ATP, 0.2 Na-GTP, 5 lidocaine, Ereversal ~ 0 mV) in the recording 

electrode and addition of 20 μM NBQX (AMPA antagonist) and 50 μM DL-AP5 (NMDA 

antagonist) to the perfusion media (Chen et al., 2009; Ostrowski et al., 2014). Miniature 

IPSCs (mIPSCs) were recorded by adding 1 μM TTX to the perfusion media along with 

NBQX and DL-AP5.

4.5. Drugs

Recorded cells, typically 1-2 cell layers deep, were exposed to a minimum of 5 minutes of 

pharmacological treatment. 5-HT7R pharmacological agents were initially prepared as stock 

solutions in DMSO or double distilled water, and subsequently diluted to given working 

concentrations in aCSF. The final concentration of DMSO in the working solutions was ≤ 

0.01% which has been shown to have no effect on neuronal function (Clark et al., 2011; 

Kang and Schuman, 1995). Vehicle time controls contained the same concentration of 

DMSO in aCSF. All drugs were bath applied via superfusion by means of a valve controller 

(Warner Instruments VC-6). To examine the effect of 5-HT7R activation, the commercially 

available 5-HT7R agonists LP 44 (Leopoldo et al., 2007) or AS 19 (Brenchat et al., 2009) 

were applied. LP 44 has greater affinity and specificity for 5-HT7R than AS 19, therefore LP 

44 was used for the majority of experiments (Brenchat et al., 2010, 2009; Leopoldo et al., 

2011). Concentrations of LP 44 were based on literature and preliminary experiments (Costa 

et al., 2012; Hawkins et al., 2015). Blockade of 5-HT7R was accomplished by use of the 

selective antagonist SB 269970 [1 μM (Thomas et al., 2000)], whereas 5-HT1ARs were 

blocked by the antagonist WAY 100135 (10 μM, Ostrowski et al., 2014). LP 44, AS 19, 

TTX, NBQX, DL-AP5, WAY 100135, and SB 269970 were purchased from Tocris 

Bioscience (R&D Systems, Inc., Minneapolis, MN, USA). All other general chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fisher Scientific (Pittsburgh, PA, 

USA).

4.6. Data Analysis

Recordings were not used if the neuron initially had a RMP more depolarized than −40mV, 

Rs greater than 25 MΩ, or a holding current greater than −100pA. Data were analyzed off-

line using Clampfit 10.4 (Molecular Devices) and Excel. Variables analyzed included EPSC 

peak amplitude, instantaneous frequency, paired pulse interval (PPR), and use dependent 

depression (UDD) as well as Rin. Latency of TS-EPSCs was measured as the time from 

stimulus artifact to the start of the inward current over 30 events. Only nTS cells connected 

to TS-afferents with a single synapse (i.e., monosynaptic) were included in this study. 

Recorded neurons were considered monosynaptic if the standard deviation of the latency 

time (“jitter”) was less than 300 μs over 30 events (Austgen et al., 2012; Ramirez-Navarro et 

al., 2011). Neurons in the present study were monosynaptic second-order as indicated by 

low jitter and latency. For 5-HT7R activation with LP 44 or AS 19, aCSF was used for the 

baseline control (defined as “1”). Determining the effects of 5-HT7R blockade, aCSF was 

used as baseline with SB 269970, whereas SB 269970 was then used as baseline for LP 44 

in the presence of SB 269970. Similarly, WAY 100135 and gabazine served as respective 

baseline when examining the impact of 5-HT1AR and GABAAR blockade on 5-HT7R 
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activation. A change from baseline of ±15% was considered to be a response; this value 

determined from vehicle time trials. Due to cell-to-cell variability, magnitude changes are 

given as normalized to its respective baseline value with values above 1 indicating an 

increase (excitatory) and values below 1 indicating a decrease (inhibitory) from baseline. 

Statistical analyses were performed using Prism 6 (GraphPad Software, La Jolla, CA, USA) 

software. Data from those neurons which respond to pharmacological manipulation were 

compared using Wilcoxon's text, Student's t-test, one way ANOVA, or one way repeated-

measures ANOVA as appropriate. UDD was analyzed using two-way repeated-measures 

ANOVA. P values < 0.05 were considered significant. All data within the text are presented 

as mean ± standard error. Graphical representations of the data were made with box-and-

whisker plots with mean, median and quartiles indicated. Whiskers delineate minimum and 

maximum values for respective data sets.
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Highlights

• Activation of nTS 5-HT7 receptors produces both inhibitory and excitatory 

responses

• Paired pulse ratio increased with LP 44, suggesting pre-synaptic action for 5-

HT7R

• 5-HT7R activation reduces mEPSC frequency and modulates GABA effect on 

nTS neurons

• Co-blockade of 5-HT7&1ARs reduces peak amplitude of evoked TS currents
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Figure 1. 
5-HT7R mRNA and protein are present in the nTS. A. Relative 5-HT7R mRNA levels 

normalized to cerebellum (CB) determined from RT-PCR. The amount of mRNA in the nTS 

is significantly higher than that found in the nodose-petrosal ganglia (NPG). General 

brainstem tissue (BS), excluding the nTS, was not different than cerebellum or nTS. ΔΔCT 

method, n=5 each. B. Relative 5-HT7R mRNA across the rostrocaudal nTS, normalized to 

calamus scriptorius (CS, 0 μm). ΔΔCT method, n=3 individual sections/level. C. 

Immunoblot from nTS samples (100 μg) showing band for 5-HT7R protein at expected 54 

kDa (arrow). Tubulin loading control is shown below. n=2.

Matott and Kline Page 22

Brain Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
5-HT7R activation produces variable effects on TS-EPSCs but reduces synaptic depression. 

A. Example of representative TS-EPSCs. Traces are averages of 30 sweeps at 0.5 Hz TS 

stimulation frequency. Stimulus artifact truncated. Inset shows magnification of all 30 

control sweeps with high-fidelity low jitter indicative of a monosynaptic recording. Note the 

decrease in TS-EPSC amplitude with 10 μM LP 44 (red) compared to baseline (aCSF, 

black). B. Box-and-whisker plot showing normalized TS-EPSC amplitude with vehicle time 

controls or 5-HT7R activation (LP 44 or AS 19), with respect to each cell's respective 

baseline (defined as “1”, dashed line). Median indicated by solid blue line, mean by red “+”, 

quartiles (25 and 75%) by boxes, and the range by the whiskers. Individual data points 

presented to right of respective box plot. All subsequent plots follow this formatting. The 

predominant LP 44 response, compared to vehicle and baseline, is a decrease in TS-EPSC 

amplitude (example shown in panel A). C. Example of representative TS-EPSCs 

(normalized to initial event) evoked at 20 Hz showing use dependent depression (UDD) 

under baseline (black) and 10 μM LP 44 (red). Traces are an average of 5 sweeps. Note less 

UDD following LP 44. Inset: 20 Hz group data normalized to initial TS-EPSC for 10 μM LP 

44 (n=9). Events 4/5 and 9/10 are means of their respective TS-EPSCs. Note less UDD with 

LP 44. D. Box-and-whisker and scatter plot showing change in paired pulse ratio (PPR) with 

5-HT7R activation, compared to baseline (denoted as “0”). Note that PPR increases with 

elevated doses of LP 44, with a significant difference between 100 and 2 μM LP 44. For 

panel B * p < 0.05 Wilcoxon test, LP 44 vs. its baseline. For panel D $$, p < 0.01, one way 

ANOVA; * p < 0.05 ** p < 0.01, paired t-test, LP 44 vs. its baseline.
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Figure 3. 
5-HT7R activation does not alter spontaneous EPSCs but reduces miniature EPSC 

frequency. A, B. Box-and-whisker and scatter plots showing change in sEPSC amplitude 

(A) and frequency (B) with 5-HT7R activation by LP 44 (2, 10 or 100 μM) or AS 19 (1 or 10 

μM). Data are normalized to each cells respective baseline (denoted as “1”, dashed line). C. 

Representative current traces showing mEPSCs in TTX and gabazine (Gz) control (top) and 

after 10 μM LP 44 in TTX and Gz (bottom). Duration of recording is 500ms. Note the 

decreased mEPSC frequency in response to LP 44. D. Cumulative fraction for inter-event 

interval from example in C showing an increased interval between events with LP 44. E. 

Box-and-whisker plots and scatterplots showing changes in mEPSC amplitude and 

frequency normalized to their TTX + Gz control, during 5-HT7R activation with LP 44 or 

AS 19. There is a significant decrease in mEPSC frequency (*, p=0.02, paired t-test, vs. 

TTX + Gz baseline) in response to LP 44.
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Figure 4. 
Effect of 5-HT7R agonists in the presence of 5-HT7R and/or 5-HT1AR blockade. Responses 

to LP 44 or AS 19 in the presence of receptor blockers for (A) 5-HT7R, (B) 5-HT1AR or (C) 

5-HT7R and 5-HT1AR for TS-EPSCs (1) or sEPSCs (2). For all panels, box-and-whisker and 

scatter plots show response of a treatment to its respective baseline (denoted as “1”, dashed 

line). A1. Changes in 0.5 Hz TS-EPSC amplitudes during LP 44 alone (from Fig 2B for 

comparison) and SB 269970 (SB) alone normalized to their respective aCSF baseline, and 

10 μM LP 44 in the presence of SB 269970 normalized to SB 269970 alone. A2. Magnitude 

of sEPSC amplitude and frequency response to 10 μM LP 44 in the presence of SB 269970. 

B1. TS-EPSC amplitude changes during 10 μM LP 44 and 1 μM AS-19 normalized to aCSF 

(from Fig 2B for comparison), and TS-EPSCs with the same agonists in the presence of the 

5-HT1AR antagonist WAY 100135, normalized to WAY 100135 alone. B2. sEPSC 

amplitude and frequency changes during 10 μM LP 44 and 1 μM AS 19 in the presence of 

WAY 100135, normalized to WAY 100135 alone. C1. TS-EPSC amplitude changes in 

response to 10 μM LP 44 (from Fig 2B for comparison), co-application of SB 269970 and 

WAY 100135 (SB+ WAY, normalized to aCSF) and 10 μM LP 44 in the presence of SB 

+WAY (normalized to SB + WAY). Note that the combined blockade of 5-HT7R and 5-

HT1AR resulted in reduced TS-EPSCs and no increased responders. ** p < 0.01, paired t-

test, vs aCSF baseline. C2. sEPSC amplitude and frequency changes for 5-HT7R and 5-
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HT1AR blockade with SB + WAY (normalized to aCSF) and during 10 μM LP 44 in the 

presence of SB + WAY (normalized to SB + WAY alone).
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Figure 5. 
GABAARs modulate 5-HT7R influence on IPSCs. A. Example of representative 0.5 Hz TS-

EPSCs during gabazine (Gz) alone and during Gz and LP 44 (black, Gz alone; red, Gz + LP 

44). Example is the average of 30 traces. Note the reduced LP 44 response during GABAA 

receptor blockade. B. Quantitative TS-EPSC amplitude evoked at 0.5 Hz during GABAAR 

blockade and to addition of 10 μM LP 44. Raw values are presented on the left axis whereas 

the change in TS-EPSCs in LP 44 in Gz, normalized to Gz alone, is presented on the right 

axis. Note that addition of LP 44 in Gz did not change TS-EPSC amplitude. C. Change in 

sEPSC amplitude and frequency of individual responses during 10 μM LP 44 in Gz, 

normalized to Gz alone (denoted as “1”, dashed line). D. Example of control sIPSCs (top) 

and their reduction in amplitude with 5-HT7R activation (LP 44, 10 μM, middle) in the 

presence of NBQX and AP-5. Addition of Gz (bottom) eliminated sIPSCs confirming 

currents were mediated by GABAAR. E. Cumulative fraction of amplitude events for 

recording from D. Note that amplitude is reduced with LP 44 in the presence of NBQX and 

AP-5. F. Normalized group data showing changes in sIPSC amplitude (left) and frequency 

(right) to LP 44 respective to baseline (NBQX + AP5). Note the significant decrease in 

sIPSC amplitude. (n=8, * p < 0.05, paired t-test).
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