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A B S T R A C T   

There is growing literature supporting cannabinoids as a potential therapeutic for pain conditions. The devel-
opment of chronic pain has been associated with reduced concentrations of the endogenous cannabinoid 
anandamide (AEA) in the midbrain dorsal periaqueductal gray (dPAG), and microinjections of synthetic can-
nabinoids into the dPAG are antinociceptive. Therefore, the goal of this study was to examine the role of the 
dPAG in cannabinoid-mediated sensory inhibition. Given that cannabinoids in the dPAG also elicit sym-
pathoexcitation, a secondary goal was to assess coordination between sympathetic and antinociceptive re-
sponses. AEA was microinjected into the dPAG while recording single unit activity of wide dynamic range (WDR) 
dorsal horn neurons (DHNs) evoked by high intensity mechanical stimulation of the hindpaw, concurrently with 
renal sympathetic nerve activity (RSNA), in anesthetized male rats. AEA microinjected into the dPAG decreased 
evoked DHN activity (n = 24 units), for half of which AEA also elicited sympathoexcitation. AEA actions were 
mediated by cannabinoid 1 receptors as confirmed by local pretreatment with the cannabinoid receptor 
antagonist AM281. dPAG microinjection of the synaptic excitant DL-homocysteic acid (DLH) also decreased 
evoked DHN activity (n = 27 units), but in all cases this was accompanied by sympathoexcitation. Thus, sensory 
inhibition elicited from the dPAG is not exclusively linked with sympathoexcitation, suggesting discrete neuronal 
circuits. The rostrocaudal location of sites may affect evoked responses as AEA produced sensory inhibition 
without sympathetic effects at 86 % of caudal compared to 25 % of rostral sites, supporting anatomically distinct 
neurocircuits. These data indicate that spatially selective manipulation of cannabinoid signaling could provide 
analgesia without potentially harmful autonomic activation.   

Introduction 

The midbrain periaqueductal gray (PAG) plays a distinct role in pain 
regulation through descending modulation that enhances or inhibits 
ascending nociceptive traffic from dorsal horn neurons (DHNs) activated 
by sensory input from noxious peripheral stimulation (Millan, 2002). 
The PAG consists of diverse, heterogeneous cell types (Mantyh, 1982b; 
Beitz, 1985) that are organized into functionally distinct columns 
around the cerebral aqueduct (Bandler and Shipley, 1994; Carrive, 
1993). The dorsal region of the PAG (dPAG) includes dorsomedial, 

dorsolateral and lateral columns that are associated with active strate-
gies to avoid stressors, including opioid-independent antinociception 
and sympathoexcitation. In contrast, the ventrolateral PAG is associated 
with recovery efforts and passive coping related to inescapable pain 
from deep somatic and visceral sources, opioid-dependent anti-
nociception, pruritis, and sympathoinhibition (Keay et al., 1997; Keay 
and Bandler, 2001; Samineni et al., 2017; Samineni et al., 2019). 

Endogenous cannabinoids (endocannabinoids) are considered viable 
candidates producing non-opioid analgesia by actions in the dPAG 
(Starowicz and Finn, 2017). Analgesic efficacy of endocannabinoids is 
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indicated by suppression of hyperalgesia in a rat model of neuropathic 
pain (Fox et al., 2001). Elevated levels of endocannabinoids in the dPAG 
following peripheral nerve injury or local stimulation also implicate this 
region as a critical site of analgesic action (Walker et al., 1999; Petrosino 
et al., 2007). The synaptic concentrations of the endocannabinoid ligand 
N-arachidonylethanolamine (anandamide or AEA) is regulated by the 
catabolic enzyme, fatty acid amide hydrolase (FAAH) (Blankman et al., 
2007; Cravatt et al., 1996; Egertová et al., 1998; Tsou et al., 1998). Rats 
that develop sustained hyperalgesia after peripheral nerve injury show 
increased FAAH transcript and activity, and decreased AEA in the dPAG, 
suggesting that reduced endocannabinoid signaling in the dPAG con-
tributes to chronic neuropathic pain (Dean et al., 2017). This is consis-
tent with systemic cannabinoids having an antinociceptive effect on 
wide dynamic range (WDR) dorsal horn neurons (Hohmann et al., 1995) 
via descending signaling from supraspinal sites (Hohmann et al., 1999), 
such as the PAG (Martin et al., 1995). However, no studies have been 
performed to directly assess the ability of endocannabinoids in the dPAG 
to modulate sensory input at the level of the DHNs. 

Stress-induced analgesia (SIA) also increases dPAG endocannabinoid 
release, while blockade of G-protein coupled cannabinoid 1 receptors 
(CB1Rs) in the dPAG (Herkenham et al., 1991; Mailleux and Vander-
haeghen, 1992; Tsou et al., 1998) attenuates SIA (Hohmann et al., 
2005). Stress initiates integrated responses with the dPAG coordinating 
sensory and autonomic components by eliciting sympathoexcitation and 
antinociception that beneficially redirects blood flow to required organs 
and delays pain responses until an imposed stressor has subsided (Dean 
and Coote, 1986; Lovick, 1990). Sympathoexcitation, like anti-
nociception, can be evoked by activation of CB1Rs in the dPAG (Dean, 
2011a), but it is not known if the cannabinoid-mediated sensory and 
sympathetic responses are elicited separately or in a coordinated 
manner. 

To address these knowledge gaps, the primary objective of this study 
was to examine the role of the dPAG in CB1R-mediated sensory inhibi-
tion, with a secondary objective of assessing if sensory and sympathetic 
effects of exogenous AEA in the dPAG are linked. To this end, these 
experiments tested the effects of dPAG microinjections of AEA on 
extracellular single unit activity of WDR sensory neurons in the dorsal 
horn activated by high intensity mechanical stimulation of the hindpaw, 
simultaneous with renal sympathetic nerve activity (RSNA). The role of 
CB1Rs in sensory inhibition was examined by local blockade of dPAG 
CB1Rs prior to AEA microinjection. 

Materials and methods 

Animals and general surgery 

The protocols for this study were approved by the Animal Care and 
Use Committees at the Medical College of Wisconsin and Zablocki 
Department of Veterans Affairs Medical Center. All efforts were made to 
minimize animal suffering and to reduce the number of animals used, 
but alternatives to in vivo techniques are not suitable for these studies. 
The experiments were performed in a total of 29 Sprague-Dawley male 
rats (350–425 gm) obtained from Charles River Labs (Wilmington, MA), 
anesthetized with sodium pentobarbital (50 mg/kg, i.p.), with a catheter 
inserted into a femoral vein for supplemental administration of anes-
thetic doses (2 mg/kg, i.v.). Arterial blood pressure was monitored 
continuously using a PA-C10 or HD-S10 transmitter (Data Sciences In-
ternational (DSI), St. Paul, MN) inserted into a femoral artery. The tra-
chea was cannulated through a midline anterior cervical incision for 
mechanical ventilation (Harvard 683 respirator; Holliston, MA). A sur-
gical plane of anesthesia, characterized by a stable, normal range of 
blood pressure and RSNA, as well as immobility in response to noxious 
stimuli was established prior to administration of pancuronium bromide 
(0.1 mg/kg i.v., with supplemental doses of 0.01 mg/kg administered 
when spontaneous breathing was observed). Blood pressure and RSNA 
were monitored continuously, and supplemental doses of anesthetic 

were administered if abrupt changes in these parameters were observed. 
A heating pad was used to maintain body temperature at 37 ◦C. 

In vivo electrophysiology 

For extracellular DHN recordings, laminectomies were performed at 
the T13 to L3 vertebrae to expose the L4-L5 levels of the spinal cord. To 
minimize motion artifact, a stabilizing stereotaxic clamp was attached to 
the spinal process rostral to the exposure and bilateral pneumothoraxes 
were performed, after which the animal was mechanically ventilated. 
The dura was opened and the cord was covered in warm mineral oil. A 
single barreled glass micropipette containing a carbon filament (7 µm 
diameter) was advanced into the spinal cord using a microdrive (Bur-
leigh Instruments 6000 Controller, Fishers, NY), targeting lamina IV-VI 
of the L4-5 level at a depth of 0.6 to 1.2 mm. DHN activity was evoked by 
repeated mechanical stimulation of the ipsilateral hindpaw. DHNs that 
responded to low-threshold/non-noxious and high-intensity mechanical 
stimulation in a graded manner were considered WDR (class 2) neurons 
and selected for study (Menetrey et al., 1977). Specifically, WDR neu-
rons were identified by their sensitivity to a range of intensities of me-
chanical stimuli, including light touch with a brush and graded stimuli 
with von Frey filaments calibrated to 0.04 gm, 6 gm and 60 gm of 
bending force (Robinson et al., 2014). Filaments were applied to the 
mid-plantar surface of the hindpaw until a bend was observed. Ten 
stimulus applications at 1 sec intervals were performed for each of the 
consecutive, graded stimulus intensities (Fig. 1A). The activity of other 
classes of sensory neurons was not studied. 

For sympathetic nerve recordings, a renal nerve was exposed retro-
peritoneally and positioned on flexible silver wire electrodes. The 
electrodes were fixed in position with silica gel to provide stability of the 
recording. 

All electrophysiological signals were recorded using high impedance 
differential amplifiers (gain = 1000; 0.1–10 kHz passband), followed by 
filter/amplifiers (gain up to 400; high and low pass filtering 10 Hz–3 
kHz). The amplifier output was displayed online and also directed to 
precision full-wave rectifiers and averaged using Bessel linear averaging 
filters (averaging interval = 100 mS) to obtain an online moving time 
average. The DHN activity, RSNA, and their moving time averages were 
continuously sampled at 20 kHz along with arterial blood pressure while 
displayed and recorded (CED 1401 Power3 and Spike2 data acquisition 
system, Cambridge Electronic Design Limited, Cambridge, UK). 

Microinjection of test agents 

With head of the animal fixed in a stereotaxic frame, a dorsal 
craniotomy was performed and the dura opened to allow the insertion of 
a multi-barreled glass micropipette (20 µm total tip diameter), attached 
to a pressure ejection system. Barrels were filled with the synaptic 
excitant DL-homocysteic acid (DLH; 4 mM; Sigma Chemicals, St. Louis 
MO) diluted in artificial cerebrospinal fluid (aCSF: in mM; 124 NaCl, 2 
KCl, 2 MgCl, 1.3 KH2PO4, 0.9 CaCL2, 26 NaHCO3, and 11 glucose); the 
endocannabinoid and CB1R agonist anandamide diluted in aCSF with 
0.01 % Tocrisolve100 (AEA; 50–100 µM; Tocris Cookson, Inc., St. Louis 
MO); AM281 diluted in aCSF with 3 % Tocrisolve100 (1 µM; Tocris 
Cookson, Inc., St. Louis MO); aCSF vehicle; Tocrisolve100 vehicle; or 
pontamine sky blue dye (1 %; VWR International, Radnor PA). DLH is a 
glutamic acid analog and an NMDA receptor agonist that reliably evokes 
reproducible responses by activation of neurons in the PAG (Dean, 
2011a,b; Bago and Dean, 2001). The micropipette was slowly advanced 
into the midbrain, targeting the dPAG at coordinates (in mm) ranging 
from − 5.5 to − 8.0 from Bregma, 0.2 to 0.8 from midline and 4.0 to 6.0 
deep. Initial dPAG microinjection sites were further identified based on 
physiological responses to DLH using the criteria of RSNA or MAP in-
crease from baseline by a magnitude of at least 20 % or 5 mmHg, 
respectively. These prespecified thresholds were used to define CV re-
sponders and non-responders. The volume of injectate ranged from 7 to 
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50 nanoliters (nl) and was measured by observing the level of the fluid 
meniscus through a graduated monocular microscope eyepiece (7 nl/ 
div). DHN activity and RSNA were unchanged following vehicle mi-
croinjections. Blue dye was microinjected at the most ventral location of 
a microinjection track for histological recovery. In a subset of animals, a 
glass micropipette electrode with one recording and one microinjection 
barrel was used to record DHN activity and microinject dye at dorsal 
horn sites. 

Experimental protocol 

After identification of WDR units, DHN activity was evoked at 1 sec 
intervals by mechanical stimulation applied to the receptive field with 
the 60 gm von Frey filament while RSNA, and blood pressure was 
monitored continuously. After an initial 20 sec von Frey stimulation 
period for baseline, either AEA or DLH was microinjected at a site in the 
dPAG, with sensory stimulation continued until monitored parameters 
returned to baseline levels or for at least 3 min. After recovery of 
baseline parameters, another microinjection was made at the same site, 
or the micropipette was advanced 500 µm and the protocol repeated. As 
a control for adaptation of neuronal units, von Frey mechanical stimu-
lation (60 gm) was applied to the receptive field without drug micro-
injection (Fig. 2A). Evoked DHN spike rate did not change from baseline 
at any time point (Fig. 2B). After drug-evoked responses, all parameters 
returned to baseline prior to examining additional sites. 

Histological identification protocol 

Brains were removed postmortem and frozen. In the subset of rats 
microinjected with blue dye at spinal recording sites, the integrity of the 
cord was maintained by fixation at the end of the study. After perfusion 
with saline followed by 4 % paraformaldehyde fixative, the brain and 
spinal cord were removed, post-fixed and frozen. Sequential 25 µm 
frozen, transverse brain and cord sections were cut, stained with neutral 
red and examined microscopically to identify dorsal horn recording sites 
and brain microinjections marked with blue dye. Spinal cord histology 
confirmed physiological data that DHN recording sites were located in 
laminae IV-VI of the L4-5 level (Fig. 1B). The depth of multiple PAG 
microinjections sites in a single track were calculated from the marked 
ventral site. Rostro-caudal midbrain coordinates are reported as distance 
from bregma, and diagrammatic representations of the location of 
midbrain microinjection sites were compiled. 

Data analysis 

In vivo electrophysiological data were analyzed offline using CED 
Spike2 version 8 software and imported to SigmaPlot 11 or GraphPad 
Prism 5 for statistics. Data were extracted from Spike2 to SigmaPlot 11 
at a rate of 100 Hz for DHN unit firing rate, average whole RSNA, and 
mean arterial pressure (MAP). Spike2 software was used to extract single 
DHN units from evoked bursts of ensemble DHN activity based on 
template matching and principal component analysis, allowing identi-
fication of one to four WDR DHN units for each recording site (Fig. 1C). 

Fig. 1. Identification and sorting of wide dynamic range (WDR) dorsal horn neurons (DHNs). Normally silent WDR neurons are responsive to light touch and graded 
intensity Von Frey filaments (0.04, 6 and 60 gm) applied to the hind paw receptive field. (A) Extracellularly recorded DHN activity evoked by ten consecutive stimuli 
to the hindpaw is shown in the upper panel. The lower panels show activity of three separate, WDR neurons (DHN units A-C), with unique responses to graded 
mechanical stimuli. (B) A WDR DHN recording site marked by dye and indicated by a white arrow is illustrated in Lamina IV of the dorsal horn at L5. (C) Overdrawn 
spike templates for sorting of DHN units A-C are shown. 
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Baseline values for evoked firing frequency of DHNs, which were altered 
by dPAG microinjections, ranged from 0.5 to 14.5 Hz with a mean of 3.0 
and a median of 2.3 Hz. To eliminate noise from RSNA, zero activity was 
obtained at the end of the experiment by crushing the nerve proximal to 
the recording electrodes, averaging the remaining noise level, and 
subtracting it from the averaged activity. 

Statistical analysis 

A moveable cursor was set at the onset of an experimental protocol to 
act as a zero-time marker for the analysis. Data were collected and 
averaged in sequential 10 sec periods from 50 sec prior to microinjection 
(30 sec without hindpaw stimulation and 20 sec baseline with von Frey 
stimulation). DHN unit firing rate and RSNA in 10 sec bins were sub-
sequently expressed as percent changes from mean baseline bins pre-
ceding each dPAG microinjection. A decrease in DHN unit activity was 
defined by a decrease from baseline with a magnitude of at least 20 %. 
For each 10 sec period after microinjection, DHN unit activity, RSNA and 
MAP were compared using repeated measures one-way ANOVA. 
Significantly different means were identified using Holm-Sidak planned 
post-hoc comparisons with significance set at P < 0.05. Spearman cor-
relation was used to determine the degree of association between trough 
DHN unit activity and maximum RSNA and to calculate the coefficient of 
determination (r2). Fisher’s exact test assessed the proportion of obser-
vations in which sensory changes were found in isolation or in combi-
nation with sympathetic changes to determine if the rostro-caudal 
distribution of those two patterns were equally likely. Data are reported 
as mean ± SD unless noted otherwise. 

A lack of centrally-evoked change in DHN unit activity could be 

meaningful but could also reflect that the dorsal horn recording site is 
not in the projection field of that dPAG microinjection site. In this study, 
97 WDR DHN units showed no response after microinjection of either 
AEA or DLH at 58 dPAG sites. These data are not further considered here 
given that there is no clear somatotopic organization (homunculus) 
within the PAG. 

Results 

Sensory inhibition follows dPAG AEA injection 

AEA microinjection at 16 dPAG sites decreased evoked unit firing 
rate in 24 dorsal horn WDR neurons (Fig. 3A; Unit A), while activity of 
other units sorted from the same recording were unchanged (Fig. 3A; 
Unit B) and none increased discharge rate. The nadir in DHN firing rate 
for those responding was − 38.8 ± 29.7 % at 130 sec after microinjection 
(Fig. 3A; bottom panel) demonstrating that dPAG AEA inhibits me-
chanically evoked firing of WDR DHNs. 

Sensory inhibition follows dPAG DLH injection 

DLH microinjection at 21 dPAG sites decreased unit firing rate in 27 
dorsal horn WDR neurons. While evoked activity of some DHNs were 
inhibited (Fig. 3B; Unit A), other units sorted from the same dorsal horn 
recording were unchanged (Fig. 3B; Unit B) and none increased 
discharge rate. The nadir in DHN firing rate for those responding was 
− 39.2 ± 28.5 % at 70 sec after microinjection (Fig. 3B; bottom panel). 

Fig. 2. Stable firing rate of WDR DHNs. Repeated von Frey (60 gm) stimulation (indicated by dashed lines) of the receptive field on the hindpaw evoked stable rate of 
firing of WDR DHN units. A) Units A and B do not adapt to sustained high-intensity mechanical stimulation. B) Group data show that DHN spike rate during me-
chanical stimulation does not change with time (F16,18 = 0.5; p > 0.05) or at any time point (p > 0.05; N = 17). 

C.J. Roberts et al.                                                                                                                                                                                                                               



Neurobiology of Pain 12 (2022) 100104

5

DHN responses to either AEA or DLH are different 

The DHN responses to dPAG microinjections of AEA or DLH were 
examined when each drug was tested individually at the same dPAG 
location. Out of 26 dPAG:DHN unit pairs, AEA resulted in sensory in-
hibition of a total of 15 units of which 9 were distinct responses not 
elicited with DLH. Likewise, DLH caused sensory inhibition in 17 DHNs 
with 11 distinct sensory inhibition responses not elicited by AEA. In 6 
instances (23 %), AEA and DLH had the same effect on the dPAG:DHN 
unit pairs (Fig. 4). 

DHN activity following AEA is dependent on CB1R signaling 

In a subset of experiments, 4 dorsal horn WDR neurons that 
decreased firing rate after AEA microinjection at 4 dPAG sites were 
further tested to determine the contribution of CB1R signaling. The 
nadir in DHN firing rate after dPAG administration of AEA was − 69.7 ±
19.0 % at 150 sec after microinjection (Fig. 5A). After baseline param-
eters were recovered and 5 min following AM281 microinjection at the 
same dPAG site, repeat microinjection of AEA yielded no significant 
change in DHN unit activity (Fig. 5B). After 60 min of recovery, the 
effect of AEA to decrease DHN firing rate was partially restored, such 
that the nadir in DHN firing rate after AEA was − 63.1 ± 12.4 % at 70 sec 
after microinjection (Fig. 5C). 

Sympathoexcitation follows dPAG AEA injection 

AEA microinjection at 17 dPAG sites increased renal sympathetic 
outflow (Fig. 6A; top panels). The maximum increase in RSNA was 17.8 
± 55.9 % at 30 sec after microinjection. MAP also increased to 110 ±
15.4 mmHg from a baseline value of 105 ± 13.0 mmHg (Fig. 6A; bottom 
panels). 

Sympathoexcitation follows dPAG DLH injection 

DLH microinjection at 22 dPAG sites increased RSNA (Fig. 6B; top 
panels) with a maximum increase of 75.5 ± 68.5 % at 20 sec after 
microinjection (Fig. 6B; bottom panels). The peak MAP was 118 ± 13.5 
mmHg increased from a baseline value of 104 ± 11.0 mmHg. 

Fig. 3. Sensory responses to microinjection of anandamide (AEA; 2–5 pmol) and DL-homocysteic acid (DLH; 56–112 pmol) in the dorsal periaqueductal gray (dPAG). 
A) In one neuron (Unit A; top panel) AEA microinjection evokes a decrease in DHN unit discharges evoked in response to hindpaw high-intensity stimulation. In 
another DHN (Unit B; middle panel) discharge rate does not change. After AEA microinjection, DHN spikes significantly decrease with time (bottom panel; F21,23 =

4.0; p < 0.001; n = 24). B) A separate DLH microinjection at the same dPAG site evokes a similar pattern of responses in these units (top and middle panels). After 
DLH microinjection, DHN spikes significantly decrease with time (F21,26 = 7.9; p < 0.001; n = 27) according to repeated measures One-way ANOVA (bottom panel). 
All DHN WDR activity was evoked in response to von Frey stimulation of the receptive field of the hindpaw indicated by dashed horizontal lines. Post-hoc planned 
comparisons by Holm-Sidak method shows DHN Spikes significantly decrease from baseline (***p < 0.001; **p < 0.01; and *p < 0.05 compared to time zero) at each 
of the designated time points. 

Fig. 4. Sensory inhibition elicited by dPAG microinjections of AEA and DLH. 
Response patterns were unique when each drug was individually tested at the 
same site. The Venn diagram illustrates that 6 of 26 (23%) dPAG:DHN spike 
unit pairs resulted in the same response to AEA and DLH, whereas 20 of 26 
(77%) had distinct responses. 
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Sympathetic nerve activity and arterial pressure responses to DLH are not 
always replicated by AEA 

The observed sympathetic responses to dPAG microinjections of AEA 
and DLH were consistent with our previously published work that 

demonstrated typical increases in RSNA and MAP in the magnitude of 
20–150 %, and 5–20 % respectively (Dean, 2011a,b). Similar to prior 
studies (Dean, 2011a,b), when AEA evoked a sympathetic response at a 
given site, a similar response was evoked by DLH without exception (n 
= 8). In contrast, DLH-induced sympathoexcitation was not always 

Fig. 5. Sensory responses to microinjection of AEA (2–5 pmol) in the dPAG were blocked by the CB1R antagonist, AM281 (1 µM). A) AEA microinjection significantly 
decreased DHN spikes over time (F3,21 = 4.5; p < 0.001). B) AEA microinjection at the same dPAG site, 5 min after microinjection of AM281 did not change DHN 
spikes over time (F3,21 = 1.4; p > 0.05). C) Following a 60 min recovery from AM281 microinjection, AEA microinjection at the same dPAG site significantly 
decreased DHN spikes over time (F3,21 = 3.1; p < 0.001; n = 4). All DHN WDR activity was evoked in response to von Frey stimulation of the receptive field of the 
hindpaw indicated by dashed horizontal lines. Post-hoc planned comparisons by Holm-Sidak method shows DHN Spikes significantly decrease from baseline (***p <
0.001; **p < 0.01; and *p < 0.05 compared to time zero) at each of the designated time points. 
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imitated by AEA (n = 20). This finding demonstrates different responses 
of the two drugs (Fig. 7A). Specifically, there was a group of dPAG sites 
that responded to AEA with changes very similar to the sym-
pathoexcitation elicited by DLH and another group of dPAG sites at 
which AEA evoked minimal RSNA or MAP changes. 

Sensory inhibition and sympathoexcitation after AEA are not linked 

AEA microinjected at 8 dPAG sites evoked a decrease in unit activity 
of 24 WDR DHNs, of which 12 were associated with an increase in RSNA 
(Pattern 1; Fig. 7B). For the response pattern with concurrent sensory 
inhibition and sympathoexcitation, the nadir in sensory inhibition was 

Fig. 6. Cardiovascular (CV) responses to microinjection of AEA (2–5 pmol) and DLH (56–112 pmol) in the dPAG. A) At one microinjection site (top panel), AEA 
evokes an increase in blood pressure and renal sympathetic nerve activity (RSNA). Following AEA, arterial pressure (F16,23 = 4.2; p < 0.001) and RSNA (F16,23 = 1.7; 
p < 0.05) increases with time according to repeated measures One-way ANOVA (bottom panel) and at each of the designated time points (***p < 0.001; **p < 0.01; 
*p < 0.05; n = 17). B) A separate microinjection of DLH, at the same dPAG site, evokes increases in blood pressure and RSNA. After DLH microinjection, arterial 
pressure (F21,23 = 19.9; p < 0.001) and RSNA (F21,23 = 16.3; p < 0.001) increases with time according to repeated measures One-way ANOVA (bottom panel) and at 
each of the designated time points (***p < 0.001; **p < 0.01; *p < 0.05; n = 22). 

Fig. 7. Differential CV responses to dPAG microinjection of AEA (2–5 pmol) and DLH (56–112 pmol). A) Responses of mean arterial pressure (MAP) and RSNA are 
heterogenous for both AEA and DLH where sensory changes were evoked. Analysis of the two subgroups of AEA responses yielded B) a group of CV responders that 
have RSNA (F7,23 = 1.6; p < 0.05) and MAP (F7,23 = 4.1; p < 0.001) increases with time and MAP significantly increases at designated time points (**p < 0.01 and *p 
< 0.05) after injection (n = 8). In contrast, a group of CV non-responders C) have no change in either RSNA (F8,18 = 0.7; p > 0.05) or MAP (F8,18 = 1.5; p > 0.05) after 
microinjection (n = 9). AEA microinjection resulted in a main effect of a decrease in WDR DHNs activity in both the CV responders (F11,21 = 2.5; p < 0.001) and non- 
responders (F11,16 = 2.3; p < 0.01) and at designated time points after injection. 
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− 54.3 ± 27.5 % at 130 sec after microinjection and the peak RSNA was 
36.5 ± 79.8 % at 30 sec after microinjection. To further examine 
whether the DHN and RSNA responses are interrelated, the nadir in the 
absolute value of the percent change of DHN activity was compared to 
the maximal percent change in RSNA after dPAG pharmacological 
manipulation with AEA. There was no significant correlation between 
the trough in DHN firing rate and the maximum change in RSNA (r2 =

0.11, Fig. 8), suggesting that these variables are independent. 
RSNA was not always affected by dPAG microinjection of AEA that 

reduced DHN responses to von Frey stimulation (Pattern 2; Fig. 7C). 
Specifically, at 9 dPAG sites AEA evoked a decrease in firing rate of 12 
dorsal horn WDR neurons (nadir of − 33.5 ± 34.3 % at 110 sec after 
microinjection) without a change in RSNA or MAP. 

Sensory inhibition and sympathoexcitation after DLH are not linked 

At all dPAG sites at which microinjections of DLH caused a decrease 
in DHN unit firing rate, RSNA and MAP were increased. Although all 
dPAG areas that demonstrated sensory inhibition in response to DLH 
also caused sympathoexcitation, these variables are independent (r2 =

0.04, Fig. 8). 

Histology correlation with physiological responses 

Histologically-verified dPAG sites (Fig. 9A/B) from which AEA or 
DLH evoked decreases in DHN firing rate were dispersed throughout the 
dorsomedial, dorsolateral and lateral regions extending from − 5.0 to 

Fig. 7. (continued). 
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− 8.0 mm caudally from bregma (Fig. 9C). The response to AEA resulted 
in sensory inhibition without sympathetic effects at 6 out of 7 (86 %) 
dPAG microinjection sites that were caudal to − 6.5 mm. At regions 
rostral to − 6.5 mm, AEA evoked coordinated sympathetic and sensory 
responses at 6 of 8 (75 %) sites. Given that DHN and RSNA changes after 
dPAG microinjections are independent (Fig. 8), this rostrocaudal dis-
tribution of sensory changes compared to coordinated effects was tested 
for the null hypothesis that response patterns 1 (Fig. 7B) and 2 (Fig. 7C) 
are equally likely to occur rostral and caudal to − 6.5 mm from Bregma. 
Fischer’s exact test (p = 0.04) suggests there is a 96 % probability that 
this anatomical pattern would not be observed by chance. 

Discussion 

This study directly demonstrates that exogenous administration of 
the endocannabinoid AEA into the dPAG inhibits sensory input to the 
dorsal horn via central CB1Rs. The sensory physiology data presented 
here are congruent with systemic cannabinoids having an anti-
nociceptive effect (Starowicz and Finn, 2017; Fox et al., 2001), which 
have been shown to decrease WDR DHN firing rate (Hohmann et al., 
1995) via descending signaling from supraspinal sites (Hohmann et al., 
1999) including the dPAG (Martin et al., 1995). Our novel finding is also 
consistent with prior studies that demonstrate reduced endocannabinoid 
signaling in the dPAG in chronic neuropathic pain models (Dean et al., 
2017). Together, these observations indicate that CB1R activation may 

Fig. 7. (continued). 
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be a viable analgesic treatment option. 
Sensory inhibition evoked by AEA was blocked by AM281, indicating 

that it is primarily mediated by CB1Rs in the dPAG. Other studies have 
demonstrated that CB1R antagonists block 60–80 % of the analgesia 
evoked by cannabinoid agonists or SIA, which increases AEA in the PAG 
(Hohmann et al., 2005; Walker et al., 1999). This reproducible degree of 
reversal could be due to incomplete pharmacological antagonism, but 
does not rule out a contribution from other receptors that might have a 
minor role, such as the transient receptor potential vanilloid type 1 
(TRPV1), peroxisome proliferator activated receptors (PPARs), and 
orphan G protein-coupled receptors (GPCRs) (Ross, 2003; O’Sullivan, 
2007; Godlewski et al., 2009; Okine et al., 2019). TRPV1 mediates 
analgesia from the PAG (Palazzo et al., 2002; Maione et al., 2006; Xing 
and Li, 2007), but the pmol dosage of AEA used in the present studies 
corresponds to the range for CB1R activation, which is at least 100-fold 
lower than required for TRPV1 (Ross, 2003; Pertwee, 2005; Lisboa and 
Guimaraes, 2012). 

Data from this study support cannabinergic involvement in the 
mediation of an acute stress response since AEA can elicit coordinated 
sensory inhibition and sympathoexcitation from the dPAG. This is 
consistent with the historical view of the dPAG as an integrative region 
that assimilates multiple inputs into appropriately graded analgesic and 
pressor effects (Dampney, 2015). Similar to the sensory inhibition 
observed here, dPAG- and hypothalamus-evoked sympathoexcitation 
are also attenuated by AM281, demonstrating a CB1R mechanism 
(Dean, 2011a). These data suggest that sensory inhibition and sym-
pathoexcitation are mediated by the same receptors, but does not 
conclusively rule out the involvement of additional, different receptors 
in the sensory and autonomic networks. 

This study sheds light on the dPAG-spinal circuits mediating coor-
dinated neural responses. The magnitude of AEA and DLH effects on 
RSNA and MAP (Fig. 6A/B bottom panels) are different because dPAG 
locations where AEA inhibited sensory signaling was comprised of a 
group of cardiovascular responders and non-responders (Fig. 7A), which 
would be consistent with distinct neuronal pathways. AEA evoking 
descending inhibition of sensory inputs from the dPAG in the absence of 
autonomic activation of either blood pressure or RSNA (Fig. 7C) is 
supportive of the existence of unique neurocircuits. The above findings 
suggest that although the analgesic and autonomic pathways could be 
linked in some physiological states (Fig. 7B), they can also be activated 
separately. This hypothesis is further supported by the lack of a 

correlation between antinociceptive and sympathetic responses for 
either AEA or DLH in this study (Fig. 8), and is compatible with human 
deep brain stimulation in which electrodes in the dPAG that achieve 
analgesia are accompanied by blood pressure increases in only a quarter 
of the patients (Green et al., 2006). The present study supports an 
anatomical basis for this separation in our studies, given that AEA 
resulted in sensory inhibition without sympathetic effects at more 
caudal dPAG sites at a frequency beyond what would be expected by 
chance (Fig. 9). While sympathoexcitation without sensory inhibition 
was elicited by AEA microinjection in the dPAG, these data cannot be 
reliably interpreted due to study design and methodological limitations. 
This pattern of response could be a true finding with no sensory control 
from the dPAG microinjection site, but could also be a false-negative if 
the evoked DHN unit is not in the projection field of the activated dPAG 
neurons. Therefore, these findings were excluded from analyses. 
Nevertheless, the anatomical findings presented here are intriguing 
given a previous report that formalin-induced increases in Fos expres-
sion in the caudal lateral PAG was attenuated by dPAG injection of a 
cannabinoid agonist, which also decreased nociceptive behaviors (Finn 
et al., 2003). The data described, but not shown in that manuscript, 
found that n = 5 microinjections into the lateral column of the PAG had 
no effect on formalin-evoked nociceptive behavior, which is challenging 
to compare to the present study without further histological informa-
tion. Although prior tracer studies in rats have been relatively equivocal 
regarding topographical associations between PAG and DHN sites 
(Cameron et al., 1995; Mantyh, 1983a; Mantyh and Peschanski, 1982), 
there is growing evidence that cannabinoids exert antinociceptive 
mechanisms via descending signaling from supraspinal sites (Hohmann 
et al., 1999), including the PAG (Martin et al., 1995; Finn et al., 2003), 
and that these neurocircuits are independent of motor (Martin et al., 
1996) and autonomic pathways, which would be consistent with the 
findings presented here. Neither the histological evaluations of CB1Rs in 
the PAG already published (Herkenham et al., 1991; Mailleux and 
Vanderhaeghen, 1992; Tsou et al., 1998) nor the data presented here, 
have the anatomical resolution to determine if the CB1R expression 
pattern could explain the diverse physiological responses in this dataset, 
which is not surprising given the heterogenous nature of the PAG. Taken 
together, these data support the theory that autonomic outflow can be 
controlled independently from antinociception within dPAG neuro-
circuitry, but a pragmatic methodology of accomplishing this goal has 
not yet been determined. 

The detailed organization of the dPAG neurocircuitry mediating our 
observed responses is not known, but our findings provide new insights. 
While our data support the idea that analgesic and sympathetic path-
ways consist of two parallel circuits with close anatomic proximity in the 
dPAG, we cannot rule out alternatives, such as, one pathway with 
divergent outputs to sensory and autonomic targets. Two parallel cir-
cuits would be the simplest that could account for both AEA-induced 
patterns of response observed here. Microinjections limited to neurons 
mediating analgesia could elicit sensory inhibition alone, but spread of 
injectate also encompassing neurons regulating sympathetic activity 
would result in both sensory and sympathetic effects. This would suggest 
that although minimal drug volumes (7–50 nl) were microinjected, 
spread of injectate could be a limiting factor in these experiments given 
that the PAG is a notoriously heterogeneous mosaic of cell types and 
signaling processes (Millan, 2002; Keay et al., 1997; Keay and Bandler, 
2001; Behbehani, 1995; Heinricher et al., 2009). AEA injectates may 
have a smaller functional range than DLH since AEA is rapidly inacti-
vated by FAAH, which limits accumulation and spread (Cravatt et al., 
1996; Egertová et al., 1998). If future studies can demonstrate that a 
single neuron controls both sensory inhibition and sympathetic outputs, 
while opposite to the distinct neuronal pathways proposed here, then 
those results taken together with these studies would suggest that axons 
from the same neuron with divergent functions can be activated inde-
pendently. Selective axon activation could happen by a number of 
mechanisms, such as actions at subcellular neuronal compartments, 

Fig. 8. Lack of association between the peak decrease in evoked DHN firing 
rate and the maximum increase in RSNA. Spearman correlation indicates that 
the absolute value of the percent decrease in DHN spike frequency and the 
percent increase in RSNA do not exhibit a monophasic relationship for either 
AEA (white circles; r = 0.33; p > 0.05) or DLH (gray diamonds; r = 0.20; p >
0.05) microinjections into the dPAG. 
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modification of intracellular signals (second messengers, kinases or ion 
channels) that predominantly activate one pathway, or a greater degree 
of activation being required in order to have measurable changes in 
sympathetic outflow compared to sensory inhibition. Another alterna-
tive that has not been definitively ruled out is that a single neurocircuit 
mediates the sympathoexcitation and sensory inhibition via different 
receptors. In this scenario, these different receptors would both have to 
be responsive to AEA and dependent on AM281, which has been shown 
here for sensory inhibition and in previously published data for sym-
pathoexcitation (Dean, 2011a). Different receptors could entail unique 
subtypes or post-translational modifications, as well as, distinct receptor 
populations, for example, within separate synaptic microenvironments 
(Shiosaka and Yoshida, 2000). CB1R activation of different anatomical 
sites or intertwined neurocircuits remains most likely, but further 
studies are warranted to elucidate an intervention for segregating these 
pathways, given that doing so could provide a promising opportunity for 
targeted cannabinergic therapy that would provide analgesia without 
unwanted autonomic and cardiovascular effects. 

Prior studies (Dean, 2011a,b) demonstrate that AEA-induced CB1R 
activation in the dPAG inhibits tonically active GABAergic neurons to 
enhance glutamatergic outflow related to sympathoexcitation. Whole 

cell patch clamp recording in PAG slices also demonstrates AEA- 
mediated suppression of GABAergic neurotransmission via the CB1R, 
although function could not be assigned to these neurons (Lau et al., 
2014). Therefore, while AEA acts indirectly through disinhibition, DLH 
directly activates glutamatergic projection neurons to enhance sympa-
thetic outflow (Dean, 2011a,b). This could explain how AEA and DLH 
evoke similar response patterns at the same dPAG site, but also why DLH 
is effective at many sites where AEA is not. The current working hy-
pothesis, based on the above literature and the data presented here, is 
that AEA-induced CB1R-mediated sensory inhibition has a similar 
mechanism. In the absence of evidence to the contrary, retrograde 
synaptic signaling of endocannabinoids that acts indirectly to cause 
disinhibition is the most likely synaptic and cellular mechanism 
responsible for sensory inhibition. Overall, these results are consistent 
with, and build on, prior studies of the effects of exogenous AEA in the 
dPAG on sympathetic outflow (Dean, 2011a,b), but the same mecha-
nisms may not be responsible for descending inhibition of sensory inputs 
so further studies are warranted. 

The time course characteristics of the analgesic and sympathetic 
responses in this study offer additional support for distinct pathways for 
their effects consistent with other investigators observations (Hohmann 

Fig. 9. Histological localization of midbrain 
microinjection sites. Low power (A) and high 
power (B) magnification of a section of the 
midbrain illustrates dye on the ventral border 
of the PAG (white arrow in B), marking the 
most ventral site of a PAG track. Microinjec-
tions were made at 500 μm depth intervals. A 
schematic representation of the PAG (C) il-
lustrates microinjection sites from which AEA 
elicited a decrease in DHN unit discharges 
without a change in RSNA (black circles) or 
in association with an increase in RSNA (light 
gray circles) and from which DLH evoked a 
decrease in DHN firing rate and increase in 
RSNA (dark gray circles). Sites where AM281 
blocked AEA effects are marked (medium 
gray circles). Histologically recovered sites 
ranged from − 5.0 to − 8.0 mm from bregma 
and are displayed on the closest section.   
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et al., 1999; Martin et al., 1996). The neural connections for the PAG-to- 
dorsal horn and the PAG-to-intermediolateral cell column circuits are 
complex (Millan, 2002; Dampney, 2015). There are numerous connec-
tions by which the midbrain can cause descending inhibition of sensory 
inputs, including via pontine and medullary regions, such as the nucleus 
tractus solitarius, parabrachial nucleus, and rostoventromedial medulla 
(Cameron et al., 1995). Interestingly, the PAG does have a population of 
nerve fibers that directly project to DHNs of the spinal cord, and some 
spinal cord afferents project directly to the PAG (Millan, 2002; Keay 
et al., 1997; Mantyh, 1983; Mantyh, 1982a). However, the time course 
of DLH-induced analgesic responses reported here is consistent with 
prior studies showing an onset within 30 sec and an action that persists 
for less than 3 min (Waters and Lumb, 1997). Therefore, it is unlikely 
that a direct PAG-to-DHN connection is solely responsible for our results 
given that the time course of WDR neuron changes are slower relative to 
RSNA/MAP changes, which begin within 10 sec and resolve within a 
minute. The pathways mediating the dPAG output to the sympathetic 
efferents could involve the dorsal medial hypothalamus, nucleus tractus 
solitarius, caudal or rostral ventrolateral medulla, to the intermedio-
lateral cell column, which innervates end organs (Dampney, 2015; 
Lovick, 1993; Farkas et al., 1998). Potential explanations for why sen-
sory responses lag behind sympathetic, beyond different neurocircuits, 
include differences in synaptic types (axodendritic, axosomatic, axoax-
onic), speed of action potential propagation (myelinated versus unmy-
elinated fibers), or temporal characteristics of neurotransmitter systems 
along the descending pathway (e.g. exocytosis, diffusion, recycling or 
post-synaptic receptor coupling (Cui et al., 1999; Peng et al., 1996a–c). 
Alternatively, but not mutually exclusive to the above, the PAG-to- 
dorsal horn network may have more synaptic connections than the 
PAG-to- intermediolateral cell column pathway. If downstream synapses 
in the descending sensory inhibitory pathway have a greater depen-
dence on endocannabinoid signaling than sympathetic circuits, the 
former would be slower because the CB1R is a GPCR rather than a 
ligand-gated ion channel and AEA is believed to be synthesized on de-
mand rather than released from stored vesicles (Felder et al., 1992; 
Freund et al., 2003; Hansen et al., 1995; Simon and Cravatt, 2008; Ueda 
et al., 2010). 

The data presented here add further evidence supporting cannabi-
noids as a potentially viable adjunct to multimodal regimens to treat 
pain conditions. While there is a plethora of basic science literature 
along with numerous case reports and observational datasets suggesting 
that cannabinoids are analgesic in humans (Benedict et al., 2022; Habib 
et al., 2019; Kasai et al., 2022), that evidence has not achieved trans-
lation into clinical trials that reach the same conclusion (Nielsen et al., 
2022). This is in part due to an incomplete understanding of the 
cannabinoid-dependent sensory signaling pathways that mediate anal-
gesia. Our new findings suggest that components of endocannabinoid 
signaling could be promising targets amendable to manipulation by 
molecular therapy using RNA interference gene knockdown or inter-
fering peptide aptamers for future developments related to analgesia 
(Xiang et al., 2017). 
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