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Abstract

The dorsal raphe nucleus (DRN) is embedded in the ventral part of the caudal periaqueductal gray 

(PAG). Electrical or chemical activation of neurons throughout this region produces 

antinociception. The objective of this manuscript is to determine whether the ventrolateral PAG 

and DRN are distinct antinociceptive systems. This hypothesis was tested by determining the 

antinociceptive potency of microinjecting morphine into each structure (Experiment 1), creating a 

map of effective microinjection sites that produce antinociception (Experiment 2), and comparing 

the development of antinociceptive tolerance to repeated microinjections of morphine into the 

ventrolateral PAG and DRN (Experiment 3). Morphine was more potent following cumulative 

injections (1.0, 2.2, 4.6, &10 μg/0.2 μl) into the ventrolateral PAG (D50 = 3.3 μg) compared to the 

lateral (4.3 μg) or medial DRN (5.8 μg). Antinociception occurred following 94% of the morphine 

injections into the ventrolateral PAG, whereas only 68.3% and 78.3% of the injections into the 

lateral and medial aspects of the DRN produced antinociception. Repeated microinjections of 

morphine into the ventrolateral PAG produced tolerance as indicated by a 528% difference in 

potency between morphine and saline pretreated rats. In contrast, relatively small changes in 

potency occurred following repeated microinjections of morphine into the lateral and medial 

aspects of the DRN (107% and 49%, respectively). These data indicate that the ventrolateral PAG 

and DRN are distinct antinociceptive structures. Antinociception is greater with injections into the 

ventrolateral PAG compared to the DRN, but this antinociception disappears rapidly because of 

the development of tolerance.

Graphical Abstract

Microinjection of morphine produced greater antinociception and greater tolerance to this 

antinociception following injections into the ventrolateral periqueductal gray (PAG) compared to 

the lateral or medial aspects of the dorsal raphe nucleus (DRN). These data indicate that the 

ventrolateral PAG and adjacent DRN are distinct pain modulatory systems.
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Introduction

Activation of the periaqueductal gray (PAG) produces antinociception in a wide range of 

animals including humans (Mayer, 1984). These antinociceptive effects vary depending on 

whether neurons in the ventrolateral or lateral/dorsal regions of the PAG are activated. 

Antinociception mediated by the ventrolateral PAG has a rapid onset (Yaksh et al., 1976), is 

susceptible to tolerance (Morgan & Liebeskind, 1987; Tortorici et al., 1999; Morgan et al., 
2006), and is associated with defensive immobility (Fardin et al., 1984a; Morgan et al., 
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1998). In contrast, antinociception mediated by the lateral and dorsal regions of the PAG has 

a slower onset, is resistant to the development of tolerance, and is associated with defensive 

flight. Although differences between the lateral and ventrolateral PAG have been well 

characterized (Morgan, 1991), differences in antinociception between the ventrolateral PAG 

and adjacent dorsal raphe nucleus (DRN) are less clear.

The DRN is a midline group of serotonergic neurons located in the ventral caudal aspect of 

the PAG adjacent to the ventrolateral PAG column. The DRN contains opioid receptors 

(Yaksh et al., 1976; Mansour et al., 1995; Jolas & Aghajanian, 1997; Kalyuzhny & 

Wessendorf, 1997; Prado & Faganello, 2000; Ferreira & Menescal-de-Oliveira, 2014), and 

microinjection of the opioid morphine produces antinociception that seems indistinguishable 

from that mediated by the ventrolateral PAG (Yaksh et al., 1976; Prado & Faganello, 2000; 

Ferreira & Menescal-de-Oliveira, 2014). That is, antinociception occurs in the absence of 

overt behavioral reactions (Fardin et al., 1984a), and tolerance to the antinociceptive effects 

appears to occur with repeated microinjections of morphine into either site (Morgan et al., 
2006; Ge et al., 2007). Unfortunately, these studies do not reveal whether the PAG and DRN 

are distinct antinociceptive systems or if opioids produce similar effects because they simply 

diffuse from one structure to the other.

The objective of the present study is to compare the antinociceptive effects of morphine 

microinjections into the DRN and ventrolateral PAG. Given the unique pharmacology and 

anatomy of these two structures (Hornung, 2003; Carrive & Morgan, 2012), it is 

hypothesized that the antinociception mediated by the DRN and ventrolateral PAG is 

distinct. The first experiment will compare the potency for morphine to produce 

antinociception when microinjected into the DRN and ventrolateral PAG. The second 

experiment will map the antinociceptive effects of microinjecting morphine at sites across 

the DRN and ventrolateral PAG. And, Experiment 3 will examine differences in 

susceptibility to tolerance to repeated microinjections of morphine into the DRN and 

ventrolateral PAG.

Materials and methods

Subjects

Male Sprague-Dawley rats (230–400 g; Harlan Laboratories, Livermore, California, USA) 

were anesthetized with pentobarbital (60 mg/kg, i.p) and implanted with a guide cannula (23 

gauge, 9 mm long) aimed at either the ventrolateral PAG or DRN using stereotaxic 

techniques (AP: +1.7 mm, DV: −4.6 mm from lambda, and ML= +0.6 or 0.0 mm for 

ventrolateral PAG and DRN, respectively). The guide cannula was secured to two screws in 

the skull with dental cement. At the end of surgery a stylet was inserted to plug the guide 

cannula, and the rat was placed under a heat lamp until awake.

The rat was housed individually or in pairs following surgery in a temperature controlled 

room on a standard 12 hr light cycle (On at 0700). Food and water were available 

continuously except during testing. Rats were handled daily prior to testing. All procedures 

were conducted in accordance with the National Institutes of Health Guide for the Care and 

Use of Laboratory Animals and approved by Institutional Animal Care and Use Committee 
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at Washington State University. The number of rats used were minimized by using a 

cumulative dosing procedure to generate dose response curves and culling raw data from 

previously conducted studies instead of testing new rats when possible. Suffering was kept 

to a minimum by measuring the threshold for nociception using the hot plate test.

Hot Plate Test

Nociception was assessed with the hot plate test. Rats were placed on a 52.5 °C hot plate and 

the latency to lick a hind paw was measured. The rat was removed from the hot plate if no 

response occurred within 50 s. These rats were assigned a hot plate latency of 50 s for all 

subsequent tests and no additional testing was conducted. The hot plate test was selected 

because it has been used extensively to assess antinociception mediated by the PAG, and it 

can be applied repeatedly with minimal suffering to the rat.

Microinjections

An 11 mm injection cannula (31 gauge) was inserted into the guide cannula one day prior to 

testing to habituate the rat to the procedure and reduce potential confounds from mechanical 

activation of neurons. Morphine sulfate (a gift form the National Institute on Drug Abuse) 

was administered one day later. The cannula extended 2 mm beyond the tip of the guide 

cannula. Morphine was administered in a volume of 0.2 or 0.4 μl at a rate of 0.1 μl/10 s 

while the rat was gently restrained by hand. The injection cannula remained in place for an 

additional 20 s to limit backflow of morphine through the guide cannula. The rat was 

returned to its home cage until testing.

Experiment 1: Morphine Potency—A cumulative dose microinjection procedure was 

used to generate antinociceptive dose response curves as described in our previous 

manuscript (Morgan et al., 2006). Third log doses of morphine sulfate (1.0, 2.2, 4.6, &10 

μg/0.2 μl) were microinjected into the ventrolateral PAG and DRN. Morphine was injected 

in 20 min intervals, and nociception was assessed 15 min after each injection. Potency (D50), 

defined as the dose of half maximal antinociception, was calculated using GraphPad Prism 

(La Jolla, California, USA).

Experiment 2: Localization of Morphine Antinociception—The effect of morphine 

microinjections into the ventrolateral PAG and DRN were examined in 119 rats. In order to 

get a large enough sample size to map the ventrolateral PAG and DRN, data from four of our 

previous experiments (Bobeck et al., 2009; Bobeck et al., 2012; Bobeck et al., 2014; Morgan 

et al., 2014) in which morphine was injected as a control were reanalyzed based on injection 

site. The procedure was identical in all four experiments. Only rats injected with morphine 

in the absence of any other drugs were included.

Rats were tested one week following cannula implantation. Nociception was assessed using 

the hot plate test before and 30 min after microinjection of morphine (5 μg/0.4 μl). Rats were 

euthanized following completion of testing, and the brain was removed to identify the 

injection site. Only injection sites located in the ventrolateral PAG or DRN were included in 

data analysis.
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Experiment 3: Morphine Tolerance—The magnitude of tolerance in the ventrolateral 

PAG and lateral and medial divisions of the DRN was assessed. Thirty-nine rats received 

repeated morphine injections and 57 rats received repeated saline injections as a control. A 

subset of these data (30 morphine and 35 saline rats) were compiled from the control groups 

in a previously published manuscript (Morgan et al., 2014). The overall sample size for each 

condition ranged from 8 – 25 rats with 3 – 8 rats in each condition prepared and tested 

specifically for this experiment. There was no significant difference between previously and 

currently tested rats for morphine tolerant (F(1,37) = 0.330, p = .57) or saline control rats 

(F(1,55) = 2.098, p = .15). All rats underwent the same procedure: Morphine (5 μg/0.4 μl) or 

saline (0.4 μl) was microinjected twice a day for 2 days. Tolerance was assessed on Day 3 

using cumulative doses of morphine (1.0, 2.2, 4.6, &10 μg) administered at 20 min intervals. 

Nociception was assessed using the hot-plate test 15 min after each injection. Tolerance was 

assessed within the ventrolateral PAG and DRN by comparing the difference in morphine 

potency between rats pretreated with saline and morphine.

Histology

Following the last test, the rat was exposed to a lethal dose of the inhalation anesthetic 

Halothane. The brain was removed and placed in formalin (10%). At least two days later the 

PAG was sectioned coronally (100 μm sections) and placed on a slide. The slide was viewed 

at 10× magnification to identify the location of the injection site at the end of the cannula 

track (Paxinos & Watson, 2005).

Data Analysis

Antinociceptive dose response curves for morphine were plotted from raw hot plate data 

using non-linear regression (GraphPad Prism). The lower limit was set at the mean baseline 

hot plate latency and the upper limit was set at the cut-off value of 50 s. ANOVA was used to 

compare the antinociceptive effects between injection sites. Only rats with injections in or 

on the border of the ventrolateral PAG or DRN were included in the analysis.

Results

Experiment 1: Morphine potency

Morphine potency to produce antinociception was determined by administering cumulative 

doses (1.0, 2.2, 4.6, &10 μg/0.2 μl) into the ventrolateral PAG and DRN. Microinjection of 

morphine produced a dose-dependent increase in hot plate latency whether injected into the 

ventrolateral PAG or DRN (Figure 1). The antinociceptive potency varied depending on 

whether morphine was injected in the ventrolateral PAG, lateral DRN, or medial DRN (these 

three regions are identified by distinct shading in Figure 2A). Morphine potency to produce 

antinociception was greatest in the ventrolateral PAG (D50 = 3.3 μg) compared to injections 

in the lateral (D50 = 4.3 μg) and medial DRN (D50 = 5.8 μg) (Figure 1). A significant 

difference in the antinociception mediated by these regions was only evident at the two 

highest doses of morphine (F(2,22) = 4.922. p = 0.017).
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Experiment 2: Localization of Morphine Antinociception

The objective of this experiment was to create a map of ventrolateral PAG and DRN 

injection sites that produce morphine antinociception. The antinociceptive effect of an acute 

microinjection of morphine (5 μg/0.4 μl) was examined at 119 sites. Most of the injections 

were in the ventrolateral PAG (n = 55) followed by the lateral DRN (41 injections) and 

medial DRN (n = 23).

Antinociception was evident with microinjections throughout the ventrolateral PAG and 

DRN. The location of these microinjections revealed that the ventrolateral PAG was the most 

effective site for morphine antinociception, and the lateral aspect of the DRN was the least 

effective region. Antinociception, defined as an increase in hot plate latency greater than 30 

s, occurred at 94.5% of morphine injections into the ventrolateral PAG compared to 68.3% 

in the lateral DRN and 78.3% in the medial DRN (Figure 2A). Chi Square analysis revealed 

that injections of morphine into the ventrolateral PAG were significantly more likely to 

produce antinociception (X2 = 11.5, p = .003). This difference in probability corresponded to 

a small differences in mean antinociception (Figure 2B). Mean hot plate latency was greatest 

following microinjection of morphine into the ventrolateral PAG compared to the lateral or 

medial DRN (F(2,116) = 5.954, p = .004). In contrast, there was no difference in hot plate 

latency when posterior (Interaural sections 0.60 & 0.96 mm; n = 57) and anterior (Interaural 

sections 1.20 & 1.56; n = 62) injections were compared. Mean hot plate latencies (± SEM) 

at posterior and anterior microinjection sites were 44.0 ± 1.5 and 44.8 ± 1.5 s, respectively.

Experiment 3: Morphine Tolerance

The objective of this experiment was to determine whether the greater antinociceptive 

potency in the ventrolateral PAG compared to the DRN reported in Experiments 1 and 2 

would lead to greater antinociceptive tolerance. This hypothesis was tested by examining 

morphine potency following two days of twice-daily microinjections of morphine or saline 

into the ventrolateral PAG or DRN.

The antinociception produced by microinjection of morphine into the ventrolateral PAG or 

DRN was susceptible to tolerance with repeated administration. The decrease in morphine 

potency in rats pretreated with morphine as opposed to saline was statistically significant 

following injections into the ventrolateral PAG (F(1,134) = 36.22, p = .0001), lateral DRN 

(F(1,264) = 22.73, p = .0001), and medial DRN (F(1,162) = 5.158, p = .024) (Figure 3). 

However, the magnitude of tolerance measured as a decrease in morphine potency between 

saline and morphine pretreated rats was much greater with microinjections into the 

ventrolateral PAG compared to injections into the lateral or medial DRN (Table 1).

Discussion

The present data show that the potency for morphine antinociception and the development of 

antinociceptive tolerance is greater in the ventrolateral PAG compared to the DRN. The 

difference in antinociception is driven both by greater morphine potency and a greater 

probability that injection sites within the ventrolateral PAG will produce antinociception 

compared to injections in the DRN. The difference in morphine tolerance between these 
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regions is consistent with this difference in antinociception. Repeated injections of morphine 

into the ventrolateral PAG produced a large decrease in morphine potency to produce 

antinociception compared to repeated injections into the DRN. Taken together, these data 

reveal clear differences in morphine antinociception mediated by the ventrolateral PAG and 

DRN.

Morphine was more potent in producing antinociception when injected into the ventrolateral 

PAG compared to the DRN whether a small (0.2 μl in Experiment 1) or moderate (0.4 μl in 

Experiments 2) volume was injected, or measured as a difference in potency (Experiment 1) 

or the number of sites producing antinociception (Experiment 2). Morphine potency was 

greater following cumulative injections of 0.4 μl (D50 = 2.5 μg for the PAG control group in 

the tolerance experiment) compared to 0.2 μl of morphine (D50 = 3.3 μg) as would be 

expected with greater spread of drug with a large volume, but the greater potency with 

microinjections into the ventrolateral PAG compared to the DRN was consistent regardless 

of injection volume. Although previous studies have reported “strong antinociception” 

following an injection of morphine into the DRN (Sharpe et al., 1974; Yaksh et al., 1976; 

Prado & Faganello, 2000), the present study is the first to assess antinociceptive potency 

following dose-response analysis. Our cumulative dosing procedure (Morgan et al., 2006) 

shows that morphine is more potent when injected into the ventrolateral PAG compared to 

the DRN.

Although microinjection of morphine into the DRN could be caused by diffusion into the 

ventrolateral PAG, our data indicate that the ventrolateral PAG and DRN are distinct 

antinociceptive systems. It is possible that diffusion of morphine from the DRN to the 

ventrolateral PAG contributes to morphine antinociception in that antinociceptive potency 

was lowest for injections into the medial DRN, the most distant site from the PAG, whether 

0.2 μl (Experiment 1) or 0.4 μl (Control groups in Experiment 3) was injected. However, 

diffusion of morphine to the ventrolateral PAG does not account for all of the antinociceptive 

effects because the mapping experiment (Experiment 2) showed that the lateral DRN located 

between the ventrolateral PAG and medial DRN is the least likely to support morphine 

antinociception. If antinociception were caused by diffusion of morphine from the DRN to 

the ventrolateral PAG, then antinociception would be greater with injections into the 

adjacent lateral DRN than the more distally located medial DRN. The medial and lateral 

DRN also differ in that serotonergic neurons are located in the medial DRN and GABAergic 

neurons more laterally (Challis et al., 2013). Mu-opioid receptors are present in both the 

PAG and DRN (Kalyuzhny et al., 1996), and in both locations, opioids appear to produce 

antinociception by inhibiting GABAergic neurons (Jolas & Aghajanian, 1997; Vaughan et 
al., 1997; Tao & Auerbach, 2005). Analysis of the 119 injections also revealed that 

antinociception is independent of proximity to the cerebral aqueduct. Antinociception 

occurred whether the injection site was near or far from the aqueduct, a finding consistent 

with previous mapping studies using morphine microinjections (Yaksh et al., 1976) or 

electrical stimulation (Fardin et al., 1984b).

Proximity of the injection to the ventrolateral PAG corresponded to the magnitude of 

tolerance to the antinociceptive effect of repeated morphine microinjections. A large 

rightward shift in the morphine dose response curve was evident in rats receiving repeated 
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morphine injections into the ventrolateral PAG. The magnitude of tolerance decreased in a 

step-wise manner as the injections moved from the ventrolateral PAG to the adjacent lateral 

DRN and then to the more distal medial DRN (Table 1). These data indicate that tolerance is 

caused by adaptations in the ventrolateral PAG. Recent studies indicate that both 

intracellular signaling adaptations (Morgan et al., 2014) and morphine activation of glia 

(Eidson & Murphy, 2013) contribute to this tolerance.

Although tolerance to morphine microinjections into the ventrolateral PAG have been 

reported numerous times previously (Jacquet & Lajtha, 1976; Siuciak & Advokat, 1987; 

Tortorici et al., 1999; Tortorici et al., 2001; Lane et al., 2004; Morgan et al., 2006; Bobeck et 
al., 2012), the present study shows that the magnitude of tolerance is much greater when 

injections are limited to the ventrolateral PAG as opposed to adjacent structures. Our 

previous research showing a lack of tolerance to repeated morphine microinjections or 

continuous electrical stimulation of the lateral PAG (Morgan & Liebeskind, 1987; Tortorici 

et al., 1999) puts a similar focus on the ventrolateral PAG as a key brain region contributing 

to tolerance to the antinociceptive effects of opioids.

The difference in susceptibility to tolerance between the ventrolateral PAG and DRN 

provides additional evidence that these are two distinct pain modulatory systems. 

Antinociception produced by focal electrical stimulation of the DRN (Sanders et al., 1980; 

Fardin et al., 1984a) or the selective antinociception produced by microinjection of the 

nicotinic receptor agonist epibatidine into the DRN provides additional evidence that 

neurons within the DRN produce antinociception independent of the PAG (Cucchiaro et al., 
2005). Although the PAG makes numerous connections throughout the brain (Carrive & 

Morgan, 2012), the antinociceptive effects mediated by the ventrolateral PAG appear to be 

mediated by a descending projection to the rostral ventromedial medulla (Prieto et al., 1983; 

Basbaum & Fields, 1984; Sandkuhler & Gebhart, 1984; Tortorici & Morgan, 2002; Morgan 

et al., 2008). These behavioral data are consistent with anatomical data showing retrograde 

labeling from the rostral ventromedial medulla to the PAG, but not to the DRN (Kalyuzhny 

et al., 1996).

The primary output of the DRN is to forebrain structures (Azmitia & Segal, 1978; Hornung, 

2003), although projections to the dorsolateral PAG have been demonstrated (Stezhka & 

Lovick, 1994; Viana et al., 1997) and could contribute to DRN mediated antinociception. 

Systemic administration of morphine causes serotonin release in a number of forebrain 

structures—an effect that is blocked by infusion of the opioid receptor antagonist naloxone 

into the DRN (Tao & Auerbach, 1995; 2002). A rostral pathway for DRN mediated 

antinociception is consistent with the preservation of stimulation-produced antinociception 

from neurons in and around the DRN despite transection of descending outputs (Morgan et 
al., 1989).

In conclusion, the present study provides the most comprehensive comparison of morphine 

antinociception mediated by the ventrolateral PAG and DRN. Differences in the 

antinociceptive potency of morphine and the development of morphine tolerance 

demonstrate that the ventrolateral PAG and DRN are distinct antinociceptive systems. 

Although the antinociceptive potency of morphine is greater with microinjections into the 
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ventrolateral PAG compared to the DRN, this antinociception is offset by the pronounced 

tolerance that occurs with repeated morphine injections. Less clear are the specific neurons 

within each structure that mediate these effects. A wide range of neurons with different 

inputs and outputs exist within each region (Pollak Dorocic et al., 2014), and molecular and 

genetic techniques will be needed to provide a more refined understanding of these circuits.
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Figure 1. 
Morphine produces greater antinociception when microinjected into the ventrolateral PAG 

compared to the dorsal raphe nucleus (DRN). Antinociception to cumulative injections of 

third log doses of morphine (0.2 μl) was assessed using the hot plate (HP) test. Morphine 

potency was greatest following microinjections into the ventrolateral PAG (3.3 μg; n = 9) 

compared to the lateral (4.3 μg; n = 7) or medial DRN (5.8 μg; n = 9) (the shading in Figure 

2A identifies the boundaries of these three regions). Antinociception was significantly 

greater following injections of the two highest doses of morphine into the ventrolateral PAG 

compared to the medial DRN (p < .05).
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Figure 2. 
Antinociception is greatest following microinjection of morphine into the ventrolateral PAG. 

A) Location of morphine injection sites on coronal planes through the PAG and DRN 

relative to the interaural line (Paxinos & Watson, 2005). Injections into the laterodorsal 

tegmental nucleus in the caudal PAG (0.60 mm section) were included as part of the 

ventrolateral PAG (white). The medial DRN (dark gray) is directly below the aqueduct and 

the lateral DRN (light gray) is lateral to the medial DRN and ventral to the ventrolateral 

PAG. Antinociception (circles) was defined as a hot plate latency greater than 30 s (triangles 

indicate a hot plate latency < 30 s). Almost all of the morphine injections into the 

ventrolateral PAG or medial aspect of the DRN produced antinociception compared to 

injections into the lateral aspect of the DRN. The location of these injection sites are 

representative of the injection sites in Experiments 1 & 2 except the distribution of injections 

into the core of the medial DRN were greater in Experiments 1 & 2. B) Mean hot plate 

latency was also significantly higher following morphine microinjections into the 

ventrolateral PAG (n = 55) and medial DRN (n = 23) compared to the lateral DRN (n = 41) 

(*F(2,116) = 5.954, p = .004).

Campion et al. Page 13

Eur J Neurosci. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Tolerance to morphine antinociception was greatest following microinjections into the 

ventrolateral PAG compared to the DRN. A significant rightward shift in the morphine dose 

response curve occurred in all three brain regions following repeated morphine 

microinjections. Changes in morphine potency were compared to saline pretreated rats and 

measured with the hot plate (HP) test. The magnitude of morphine tolerance was greatest 

with injections into the ventrolateral PAG (top) compared to the lateral (middle) or medial 

(bottom) DRN (see Table 1).
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Table 1

Comparison of change in morphine potency (D50) following repeated microinjections into the ventrolateral 

PAG, lateral, and medial DRN.

Injection Site Saline Morphine % Decrease in Potency

Ventrolateral PAG 2.5 μg 15.7 μg 528%

Lateral DRN 4.3 μg 8.9 μg 107%

Medial DRN 6.3 μg 9.4 μg 49%

Note: PAG = Periaqueductal Gray; DRN = Dorsal Raphe Nucleus
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