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Abstract

Nerve damage can induce a heightened pain response to noxious stimulation, which is termed 

hyperalgesia. Pain itself acts as a stressor, initiating autonomic and sensory effects through the 

dorsal periaqueductal gray (dPAG) to induce both sympathoexcitation and analgesia, which prior 

studies have shown to be affected by endocannabinoid signaling. The present study addressed the 

hypothesis that neuropathic pain disrupts autonomic and analgesic regulation by endocannabinoid 

signaling in the dPAG. Endocannabinoid contents, transcript levels of endocannabinoid signaling 

components, and catabolic enzyme activity were analyzed in the dPAG of rats at 21 days after 

painful nerve injury. The responses to two nerve injury models were similar, with two-thirds of 

animals developing hyperalgesia that was maintained throughout the postinjury period, whereas no 

sustained change in sensory function was observed in the remaining rats. Anandamide content was 

lower in the dPAG of rats that developed sustained hyperalgesia, and activity of the catabolic 

enzyme fatty acid amide hydrolase (FAAH) was higher. Intensity of hyperalgesia was correlated to 

transcript levels of FAAH and negatively correlated to heart rate and sympathovagal balance. 

These data suggest that maladaptive endocannabinoid signaling in the dPAG after nerve injury 

could contribute to chronic neuropathic pain and associated autonomic dysregulation. This study 

demonstrates that reduced anandamide content and upregulation of FAAH in the dPAG are 

associated with hyperalgesia and reduced heart rate sustained weeks after nerve injury. These data 

provide support for the evaluation of FAAH inhibitors for the treatment of chronic neuropathic 

pain.
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NEUROPATHIC PAIN is a critical treatment challenge that accompanies many injury and disease 

states in which peripheral nerves are damaged. Sensory abnormalities include hyperalgesia, 

in which pain from noxious stimuli has increased intensity. Current treatments are 

inadequate and a better understanding of the pathophysiology of sensory pathways that lead 

to the development of neuropathic pain is necessary to improve management. There is 

substantial evidence for cannabinoid modulation of neuropathic pain at both central and 

peripheral sites (23). Providing the anatomic framework for cannabinoid signaling, G 

protein-coupled cannabinoid 1 (CB1) receptors are located throughout the central nervous 

system and peripherally in postganglionic nerve terminals, whereas CB2 receptors are 

predominant in immune cells (21). The endogenous ligands (i.e., endocannabinoids) include 

N-arachidonylethanolamine (anandamide or AEA) and 2-arachidonoylglycerol (2-AG). The 

synaptic concentrations of these ligands are tightly regulated by their catabolic enzymes, 

which include fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), 

which hydrolyze AEA and 2-AG, respectively (3, 8).

There is evidence to suggest that altered endocannabinoid signaling in the periphery and 

spinal cord facilitates analgesia after nerve injury. Cannabinoid receptors are found in 

somatosensory processing components, including the dorsal root ganglia (DRG), primary 

afferent neurons, and dorsal horn (18, 29, 60). An increase in CB1 receptors and 
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endocannabinoids in the ipsilateral DRG and the spinal cord follow injury, which suggests a 

site of action for systemically administered cannabinoids in the attenuation of hyperalgesia 

in models of neuropathic pain (4, 20, 38, 47). Cannabinoids also suppress evoked responses 

in C-fiber nociceptors and in wide dynamic range dorsal horn neurons (16, 29, 33). 

However, systemic administration of CB1 receptor agonists could additionally activate 

supraspinal cannabinoid signaling in the amygdala, thalamus, periaqueductal gray (PAG), 

and rostroventromedial medulla, for example (37, 41–44). Early studies of PAG-evoked 

analgesia established that it was site-specific, with opioid-dependent actions identified in the 

ventral region and opioid-independent and endocannabinoid-dependent mechanisms in the 

dorsal PAG (dPAG) (7, 42, 63). Increased dPAG endocannabinoid concentrations are 

associated with analgesic effects in neuropathy and subcutaneous formalin models (51, 59), 

which supports the hypothesis that the dPAG is a site of central antihyperalgesic responses to 

cannabinoid agonists (20, 52).

It is well established that the somatic sensory system and cardiovascular function are closely 

linked, as acute noxious stimuli increase sympathetic nerve activity and blood pressure, 

activating a feedback loop by which increased blood pressure elevates pain thresholds (5, 49, 

55). The dPAG has been identified as a site supporting such sympathosensory integration 

where maladaptive changes that could contribute to chronic pain conditions would also be 

likely to evoke autonomic and circulatory disturbances (5, 39, 46). There is very little 

information available on the autonomic and cardiovascular consequences of neuropathic 

pain in animals or humans. One study of chronic constriction injury of the sciatic nerve in 

rats demonstrates an initial elevation in blood pressure and heart rate that transitions to 

normotension and bradycardia supported by increased parasympathetic tone, as neuropathic 

pain develops (31). These data translate in part to human subjects, in whom either 

sympathoinhibition, bradycardia, and depressor effects or sympathoexcitation, tachycardia, 

and increased blood pressure accompanied chronic muscle pain, yet the response type could 

not be predicted by the pain rating (19). Although it is clear that autonomic and sensory 

interactions are important in pain states, the definitive changes and the underlying 

mechanisms are not known (5). The first aim of this study was to assess whether the 

autonomic and cardiovascular changes associated with development of neuropathic pain are 

consistent with disruption of normal cardiovascular-sensory interactions. There is evidence 

that, in addition to its antinociceptive actions, the endocannabinoid system in the dPAG 

influences autonomic function, as microinjection of anandamide elicits an increase in 

sympathetic nerve activity and alters cardiovascular parameters (10, 13). Furthermore, both 

antinociceptive and autonomic effects associated with stress are attenuated by CB1 receptor 

blockade in the dPAG (10, 28, 42). Together, these observations suggest that 

endocannabinoid signaling in the dPAG could contribute to sympatho-sensory integration. 

Therefore, the second aim of this study was to test our hypothesis that dysregulation of 

endocannabinoid signaling in the dPAG underlies shifts in both autonomic and analgesic 

functions during neuropathic pain.

METHODS

The protocols for the study were approved by the Animal Care and Use Committees at the 

Medical College of Wisconsin and the Zablocki Department of Veterans Affairs Medical 
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Center. Male Sprague-Dawley rats (320–330 g, n = 54 total) were obtained from Charles 

River (Wilmington MA) and were maintained and used according to the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals and in compliance with 

federal, state, and local laws. Animals were housed individually, for radiotelemetric blood 

pressure monitoring, in a room maintained at 22 ± 1°C at 35–45% humidity. Animals had 

free access to food (Purina laboratory rodent diet 5001) and water, and bedding was Beta 

Chip (Warrensburg, NY).

Instrumentation and blood pressure monitoring.

Animals were implanted with a PA-C10 transmitter [Data Sciences International (DSI), St. 

Paul, MN] to monitor arterial blood pressure. Rats were anesthetized with isoflurane (5% 

induction, 1.75–2% maintenance) in O2, and the cannula (0.43-mm OD polyethylene) 

attached to the transmitter was inserted into the left femoral artery through a small inguinal 

incision, with care taken to avoid manipulation of the adjacent femoral nerve. The 

transmitter was fixed in a subcutaneous pocket on the left flank of the rat, and the incision 

was closed with 3–0 silk suture. A redundant loop in the cannula allowed for the growth of 

the rat. Animals were treated with carprofen (5 mg/kg sc) at the start of surgery and on day 1 
postimplantation. After 7 days, animals were anesthetized again for removal of inguinal 

stitches and for either spared nerve injury, modified spinal nerve ligation surgery, or sham 

surgery (details below). Animals were treated with carprofen (5 mg/kg sc) at the start of 

surgery. No postoperative analgesia was administered to avoid confounding effects on 

development of pain phenotype post injury. Blood pressure was monitored 2 days before, 

and on the day of, nerve injury/sham surgery, and on days 1, 3, 7, 10, 14, and 21 postinjury/

postsham surgery. Recording was performed from 7 to 9 AM, during times of minimal 

movement to avoid the elevated pressure that accompanies activity, and before behavioral 

evaluation of hyperalgesia (see below) to avoid confounding effects of sensory testing.

Heart rate variability determination.

Resting blood pressure was analyzed for heart rate and heart rate variability (HRV) to 

indicate autonomic changes to the heart, using the DSI Dataquest A.R.T. software system. 

Power spectral analysis of heart rate was used to determine HRV from blood pressure data as 

described previously (22). A cubic algorithm was used to interpolate blood pressure data 

sampled at 500 Hz to 2 kHz. The blood pressure data were used to calculate an interbeat 

interval (IBI) series from three 5-min segments, each with 5 overlapping (50%) subsegments 

of 512 points. The IBI was converted into an instantaneous heart rate using the formula: 

heart rate (beats/min) = 60/IBI (s). The IBI values were then interpolated at 50 Hz (cubic 

algorithm), detrended, and the mean was suppressed to create the data points equally spaced 

in time for further analysis. Utilizing a Hanning window, the power was calculated for each 

data set over the frequency ranges of 0.25–1 Hz (low frequency, LF) and 1–3 Hz (high 

frequency, HF), with the results from the three segments averaged for the final determination 

of density within each frequency band. LF and HF powers were normalized and expressed as 

percentages of total power (LF + HF powers), and the LF/HF ratio was calculated from these 

values. Although HF power is generally accepted as a reflection of vagal modulation of heart 

rate, the LF power/HF power ratio is thought to represent sympathovagal balance (15, 40). 

Although the use of this parameter is controversial, it remains widely used in both research 
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and clinical applications as a noninvasive indicator of the relative activity of cardiac 

sympathetic and parasympathetic innervation that may be more accurate for short-term 

recordings as used in this study (2, 45). An increase in the LF power/HF power ratio 

indicates a change to a relatively higher sympathetic vs. vagal cardiac modulation, whereas a 

decrease reflects the opposite. This is supported by data that clearly demonstrate a direct 

correlation between baseline heart rate and LF/HF power ratio (13).

Spared nerve injury (SNI).

An incision was made through the skin and the biceps femoris muscle on the lateral surface 

of the right thigh to expose the sciatic nerve and its three terminal branches (tibial, common 

peroneal, and sural nerves). The tibial and common peroneal nerves were ligated with 6–0 

silk suture and transected, while care was taken to avoid trauma to the sural nerve, which 

remained intact. The muscle layers were closed with 5–0 absorbable polyglycolic suture and 

the skin layer was closed with staples. Sham spared nerve injury surgery was performed on 

control animals, in which all three terminal nerves were exposed but left intact. Staples were 

removed after 7 days.

Enhanced spinal nerve ligation (eSNL).

To more broadly examine the effect of neuropathy on dPAG function, we employed a second 

established rat model of neuropathic pain (14, 36). The right lumbar paravertebral region 

was exposed through a posterior midline incision, and subperiosteal removal of the sixth 

lumbar transverse process was performed. The fifth lumbar spinal nerve was tightly ligated 

with 6–0 silk suture and transected distal to the ligature. A loose loop of chromic gut suture 

(4–0; Ethicon, Somerville NJ) was placed around the ipsilateral fourth lumbar spinal nerve, 

leaving at least 1 mm of space from the nerve circumferentially. The muscle incision was 

closed with 4–0 resorbable polyglactin suture, and the skin layer was closed with staples. 

Sham eSNL surgery was performed on control animals, in which the fifth spinal nerve was 

exposed but left intact. Staples were removed after 7 days.

Behavioral evaluation of hyperalgesia.

Neuropathic pain is typified by hyperalgesia behavior, which is an enhanced response to a 

noxious stimulus. Animals were evaluated for hyperalgesia responses after each resting 

blood pressure monitoring period. Animals were placed individually in clear plastic 

enclosures on an elevated one-fourth-in. wire grid for behavioral evaluation of hyperalgesia. 

After an acclimation period that allowed animals to cease exploratory activity, the point of a 

22-gauge spinal anesthesia needle was applied to the lateral part of the plantar surface of the 

paw for SNI animals, or to the center region of the hindpaw for eSNL animals. Needle force 

was sufficient to indent, but not penetrate, the skin. The behaviors induced by this stimulus 

were of two types, either a brisk, simple withdrawal with immediate return of the foot the 

wire floor, which is typical of normal animals, or a hyperalgesia-type response that consisted 

of sustained elevation of the paw with shaking, licking, and grooming (22, 27). This 

hyperalgesia response has been specifically correlated with conditioned avoidance in nerve-

injured rats indicating its aversiveness (63). In contrast, simple responses to calibrated 

monofilaments (von Frey test), such as are used for determination of the threshold for 

withdrawal from mechanical stimulation, are not associated with aversiveness (63). We 
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therefore used the frequency of hyperalgesia-type responses during needle testing as the 

most meaningful measure of pain for stratifying animals. Specifically, the response type was 

noted for each of 5 applications, separated by at least 10 s, to each hindpaw, and repeated 

after 2 min, for a total of 10 touches to each paw. The number of hyperalgesia-type 

responses was normalized to a percent response (hyperalgesia response rate). Peripheral 

nerve injury results in a high interindividual variance of hyperalgesia response rates (27), 

and rats that demonstrated a hyperalgesia response rate >20% on day 21 were defined 

hyperalgesic and assigned to the Hyperalgesia group, whereas those responding <20% were 

assigned to the Non-Hyperalgesia group (22).

Tissue collection.

On day 21, after the blood pressure monitoring and the hyperalgesia behavior testing period, 

animals were deeply anesthetized with isoflurane (5%) in O2 and decapitated. The brain was 

removed and the midbrain tissue along the full length of the cerebral aqueduct was quickly 

excised. Under a microscope, the dPAG was dissected at the lateral and dorsal borders of the 

periaqueductal gray matter, and a ventral cut was made at the midcerebral aqueduct. 

Although there are no anatomic distinctions of PAG columns, this approach ensures that the 

dissected tissue sample is limited to the dPAG, which includes the dorsal, dorsomedial, and 

dorsolateral columns. Tissue samples were frozen in liquid nitrogen and stored at −80°C for 

subsequent analysis. Endocannabinoid content, expression of mRNA for components of the 

endocannabinoid signaling system, or FAAH activity analyses were performed on dPAG 

samples from SNI rats. Samples from eSNL rats were analyzed for expression of FAAH 

mRNA and provided data similar to that for SNI rats. Therefore, to reduce animal use, lipid 

measurements and enzyme activity assays were not performed on samples from eSNL rats.

Lipid measurement.

To analyze the dPAG content of the N-acylethanolamines (NAEs) anandamide, N-

oleoylethanolamine (OEA), and N-palmitoylethanolamine (PEA), and the O-acylglycerols 

2-AG, and 2-oleoyl[3H]glycerol (2-OG), tissue samples were subjected to a lipid extraction 

process as described previously (50). Briefly, tissue samples were weighed and 

homogenized in acetonitrile containing 34 pmol of [2H8]AEA and 66 pmol of 2-[2H8]AG for 

extraction. Tissue was homogenized, sonicated for 30 min, and incubated overnight at 

−10°C to precipitate the proteins. Particulates were removed from acetonitrile by 

centrifugation at 1,500 rpm, the supernatants were removed and evaporated to dryness under 

N2 gas, and the extracted lipids were resuspended in 30 μl of mobile phase (85% methanol, 

15% ddH2O with 5 μl acetic acid and 0.0075 g ammonium acetate per 100 ml) for liquid 

chromatography/mass spectrometry/mass spectrometry (LC/MS/MS) analysis.

The LC/MS/MS analysis was conducted on 5 μl of sample using an Agilent Technologies 

6460 Triple Quad LC/MS. Samples were separated using a reverse-phase C18 column 

(Kromasil, 250 × 2 mm, 5 μm diameter) beginning in 15% mobile phase A (100% ddH2O 

with 5 μl acetic acid and 0.0075 g ammonium acetate per 100 ml) and 85% mobile phase B 
(100% methanol with 5 μl acetic acid and 0.0075 g ammonium acetate per 100 ml) and 

ramping to 100% B over 8 min; remaining at 100% B until 23 min, then returning to 85% 

mobile phase B. Selective ion monitoring, made in the positive ion mode, was used to detect 
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the daughter ions of [2H8]AEA (m/z 62), AEA (m/z 62), OEA (m/z 62), PEA (m/z 62), 2-

[2H8]AG and 1,3-AG (m/z 293.1), 2-AG and 1,3-AG (m/z 287.1) and 2-OG and 1,3-OG 

(m/z 286.1). 2-AG and 1,3-AG were combined, as were 2-OG and 1,3-OG. Lipid contents 

were normalized to tissue wet weight.

Real time RT-PCR.

Expression levels of mRNA were measured for FAAH, MAGL, and CB1 receptors in the 

dPAG, using standard techniques. Total RNA was extracted from each dPAG sample using 

RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA was synthesized using iScript reverse 

transcriptase (Bio-Rad, Hercules, CA). mRNA was quantified using SYBR-Green as the 

detection agent and amplifications were performed with the Eppendorf Mastercycler 

Realplex in 25 μl reaction volumes containing cDNA, primers, and iQ Supermix (Bio-Rad). 

Thermal cycling proceeded with one amplification cycle of denaturation at 95°C for 2 min, 

followed by 45 cycles of 95°C for 15 s, 55°C for 15 s, and 68°C for 20 s. The cycle at which 

amplification reached threshold (CT) was determined for each amplicon. All reactions were 

performed in duplicate. Results were calculated by subtracting CT of hypoxanthine guanine 

phosphoribosyltransferase (HPRT) as a baseline control (∆CT) and normalized to 200−ΔCT. 

Specificity of the RT-PCR reaction was confirmed by melting curves. Efficiencies were 0.9–

1.1 for each amplicon.

The following sequence-specific primers were used, listed as 5 to 3′ : HPRT forward GCA 

GAC TTT GCT TTC CTT GG and reverse CCG CTG TCT TTT AGG CTT TG; FAAH 

forward GAG GCT GGC TTT CAA CTC AC and reverse TTC GGA AGA CAG GCC AAT 

AC; MAGL forward CAC CTC TGA TCC TTG CCA AT and reverse GAT GAG TGG GTC 

GGA GTT GT; CB1R forward TCA GCA AGA AGT CAT CAG TAA GAG and reverse 

CCA CCA TCC TCC ACA CTC C.

FAAH activity assay.

Frozen dPAG tissue samples were weighed and homogenized in 10 vol TME buffer (50 mM 

Tris·HCl, pH 7.4; 3 mM MgCl2 and 1 mM EDTA). Homogenates were centrifuged at 12,000 

rpm for 20 min at 4°C, and the pellet containing a crude membrane fraction was 

resuspended in 10 vol TME buffer for FAAH activity assay. Samples were frozen at −80°C 

until assayed. Protein concentrations were determined by the Bradford method (Bio-Rad).

FAAH activity was measured as the conversion of anandamide labeled with 3H in the 

ethanolamine portion of the molecule ([3H]AEA; 60 Ci/mmol; American Radiolabeled 

Chemicals, St. Louis, MO), [3H]AEA to [3H]ethanolamine, as reported previously (13). 

Membranes from each sample (0.9 mg protein) were incubated in TME buffer (0.5 ml) 

containing 1.0 mg/ml fatty acid-free BSA and 0.2 nM [3H]AEA. Non-FAAH-mediated 

hydrolysis was determined by a duplicate incubation carried out in the presence of the 

FAAH inhibitor URB597 (cyclohexylcarbamic acid 3′ -carbamoylbiphenyl-3-yl ester; 1 

μM) (Tocris Bioscience, Minneapolis MN) that was subtracted from the total hydrolysis. 

After hydrolysis for 10 min at 30°C, the incubations were stopped with the addition of 2 ml 

chloroform/methanol (1:2), and after standing on ice for 30 min with regular vortexing, 0.67 

ml chloroform and 0.6 ml water were added. Aqueous and organic phases were separated by 
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centrifugation at 2,500 rpm for 5 min. The amount of 3H in 500 μl of the aqueous phase was 

determined by liquid scintillation counting, and the conversion of [3H]AEA to 

[3H]ethanolamine was calculated and normalized to amount of membrane protein.

Statistical analysis.

Blood pressure, heart rate, HRV, and hyperalgesia response rate were calculated for each 

monitoring period on days 1, 3, 7, 10, 14, and 21 postinjury. Baseline (prenerve injury, day 
−1) levels were calculated by averaging values for the 2 days before, and the day of but 

before, nerve injury. Heart rate, HF power, LF power/HF power ratio, mean arterial blood 

pressure, and hyperalgesia response rate were plotted against time and compared for group 

and time points using one-way ANOVA and multiple-comparison Holm-Sidak post hoc 

tests.

Correlational analyses were performed for hyperalgesia response rate, heart rate, and HRV 

parameters on day 21 against transcript levels of FAAH for dPAG tissue samples from day 
21 postinjury. The change in heart rate and HRV parameters were also plotted against 

hyperalgesia response rate at 21 days after injury. Linear regression analyses were 

performed in SigmaPlot 11 to evaluate potential associations. Significance was set at P < 

0.05 for r2 values produced by linear regression analysis.

Transcript levels of FAAH, FAAH enzyme activity and endocannabinoid content in the 

dPAG at 21 days after SNI were compared for Non-Hyperalgesia versus Hyperalgesia 

groups with unpaired t-tests with the level of significance set at the 0.05 level.

RESULTS

Hyperalgesia after nerve injury.

Hyperalgesia response rates ranged from 0 to 90% at 21 days postnerve injury (Fig. 1). 

Animals were grouped according to their hyperalgesia response rates to noxious mechanical 

stimulation of the hindpaw 21 days after nerve injury. Of 23 SNI rats, 14 had a response rate 

>20% and so were assigned to the Hyperalgesia group (group mean of 66%), whereas 9 rats 

demonstrated a response rate <20% and were assigned to the Non-Hyperalgesia group 

(group mean of 10%) (Fig. 1A). Of 17 eSNL rats, 10 were classified as Hyperalgesia (mean 

response rate 67%) and 7 grouped as Non-Hyperalgesia (mean response rate 10%) (Fig. 1B). 

The time course for development of hyperalgesia after SNI (Fig. 2A) and eSNL (Fig. 3) 

were strikingly similar. Animals displayed no hyperalgesia response to stimulation at 

baseline before nerve injury, and Sham control animals demonstrated minimal hyperalgesia 

responses to stimulation over the 21-day study period. After nerve injury, hyperalgesia 

responses increased in all SNI rats up to day 3, but by day 7 there was a divergence in 

response, with the response rates of the Hyperalgesia group increasing through day 21 
whereas the response rate of the Non-Hyperalgesia group decreased to baseline and Sham 

SNI levels. Although the point of divergence occurred by day 3 in the eSNL rats, 

hyperalgesia behavior developed similarly to the SNI rats.
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Heart rate and heart rate variability after nerve injury.

Baseline values for LF/HF power ratio (reflecting sympathovagal balance) and HF power 

(indicating vagal parasympathetic tone) were similar for Hyperalgesia, Non-Hyperalgesia, 

and Sham nerve injury groups (Figs. 2B and 3B). The LF/HF power ratio of the 

Hyperalgesia groups gradually decreased over 21 days post-SNI or eSNL, whereas that for 

the Non-Hyperalgesia groups remained the same as the Sham control groups (Figs. 2B and 

3B). At 21 days, there was a significantly lower LF/HF power ratio of the Hyperalgesia 

groups compared with their Non-Hyperalgesia and Sham control groups (Figs. 2B and 4, A 

and B). For HF power, the trend was reversed, with an increase in the Hyperalgesia group 

compared with the Non-Hyperalgesia and Sham control groups at 21 days after injury that 

reached significance in the SNI rats (Figs. 2C, 3C, and 4, A and B).

The heart rate of the Non-Hyperalgesia and Sham injury groups did not change following 

injury but heart rate of the Hyperalgesia groups decreased significantly over time post injury 

(Figs. 2D and 3D). When compared with baseline, the SNI Hyperalgesia group 

demonstrated a significant drop in heart rate at all time points from day 3, leading to a 64.5 

beats/min (±6.7 beats/min) fall in heart rate on day 21 compared with 18.0 (±6.6 beats/min) 

for the Non-Hyperalgesia group (Figs. 2D and 4A). For eSNL, the heart rate of the 

Hyperalgesia group fell 53.5 beats/min (± 6.7 beats/min) compared with 5.4 (± 6.7 beats/

min) in the Non-Hyperalgesia rats (Figs. 3D and 4B).

The hyperalgesia response rate demonstrated a negative correlation with the change in heart 

rate and the change in LF/HF power ratio for both SNI and eSNL rats and was positively 

correlated to the change in HF power for SNI rats (Table 1). For both SNI and eSNL, 

baseline blood pressures were similar for all three treatment groups, with pressure increasing 

slightly but not significantly over the 21 days postinjury (Fig. 4, A and B).

Lipid content in dPAG after SNI.

In a separate set of animals, SNI rats were assigned to Hyperalgesia (mean response rate 

58.6 ± 8.9%) and Non-Hyperalgesia (mean response rate 14 ± 4.0%) groups on day 21 after 

injury as described above. Analysis of dPAG tissue demonstrated that anandamide content in 

the Hyperalgesia group was significantly lower than that in the Non-Hyperalgesia group 

(84.8 ± 3.9 vs. 108.7 ± 7.0 fmol/mg tissue) (Fig. 5A). Whereas the OEA and PEA contents 

in the dPAG were reduced in Hyperalgesia compared with Non-Hyperalgesia rats (OEA 

295.1 ± 30.3 vs. 363.1 ± 46.7 fmol/mg; PEA, 421.3 ± 48.8 vs. 501.7 ± 64.0 fmol/mg), the 

differences were not significant. There were no differences in dPAG content of 2-AG or 2-

OG in the Hyperalgesia group compared with Non-Hyperalgesia (2-AG, 142.1 ± 5.0 vs. 

143.61 ± 11.1 pmol/mg; 2-OG, 42.1 ± 5.6 vs. 40.3 ± 3.0 pmol/mg) groups.

Expression of FAAH mRNA in dPAG after nerve injury.

As anandamide concentrations are tightly and negatively regulated by FAAH, we examined 

expression of FAAH mRNA in the dPAG in separate groups of rats 21 days after SNI and 

eSNL. The hyperalgesia response rate at 21 days post-SNI showed a strong direct correlation 

to FAAH mRNA expression in the dPAG (r2 = 0.456; P = 0.003) (Fig. 6A) that was higher 

on average in the Hyperalgesia group compared with the Non-Hyperalgesia group (Fig. 5B). 
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These data suggest that reduced degradation of anandamide in the dPAG of the Non-

Hyperalgesia group can result in reduced pain perception. The change in the LF/HF power 

ratio was also associated with mRNA expression of FAAH at 21 days after injury while the 

HF power demonstrated a positive correlation (Table 1). These data suggest that increased 

hydrolysis of anandamide at 21 days after nerve injury is associated with decreased heart 

rate and increased parasympathetic tone. There was no correlation between transcript levels 

of MAGL (r2 = 0.155) or the CB1 receptor (r2 = 0.111) in the dPAG and hyperalgesia 

responses (Fig. 6, C and D).

The hyperalgesia response rate at 21 days post-eSNL showed a direct correlation to mRNA 

expression of FAAH in the dPAG (r2 = 0.262; P = 0.05) (Fig. 6B). The hyperalgesia 

response rate demonstrated a negative correlation with both the change in heart rate and the 

change in LF/HF power (Table 1). The changes in the LF/HF power ratio and heart rate were 

negatively associated with mRNA expression of FAAH at 21 days (Table 1). Taken together, 

these data suggest that upregulation of FAAH at 21 days after eSNL is associated with 

enhanced hyperalgesia behavior and decreased heart rate.

FAAH enzyme activity in dPAG after SNI.

FAAH enzyme activity in the dPAG was analyzed in a separate group of SNI rats, assigned 

to Hyperalgesia (mean response rate 63.3 ± 9.2%) and Non-Hyperalgesia (mean response 

rate 4 ± 2.5%) groups on day 21 after injury. In accordance with the FAAH transcript data, 

the Hyperalgesia group had higher FAAH activity (5.08 ± 0.45 fmol ethanolamine 

formed·min−1·mg protein−1; n = 5) than the Non-Hyperalgesia group (2.25 ± 0.47 fmol 

ethanolamine formed·min−1·mg protein−1, n = 6) (Fig. 5C). The FAAH activity level in the 

Non-Hyperalgesia group is similar to the mean baseline level obtained from uninjured rats 

(1.9 ± 0.45 fmol ethanolamine formed·min−1·mg protein−1) (13). These data suggest that, 

after injury, increased FAAH expression is accompanied by increased FAAH activity in the 

dPAG of animals that develop hyperalgesia behavior.

DISCUSSION

We have examined the development of hyperalgesia behavior and autonomic changes in two 

models of peripheral nerve injury, which showed strongly convergent findings. Animals 

developed hyperalgesia responses to noxious stimulation of the affected paw in the days 

immediately following injury, and two-thirds of rats maintained hyperalgesia behavior for 3 

wk after nerve injury, which compares to the prevalence of chronic pain after physical 

trauma in humans (58). In addition, there was a distinct variability in the magnitude of 

sensory responses to each stereotyped nerve injury, as is found in humans. The presence, 

absence, and variation of hyperalgesia behavior after a peripheral nerve injury is recognized 

(27), yet remains unexplained. Variability in the anatomy of peripheral nerve distribution 

(54) or physical tissue damage at the injury site or surgical technique (14) could contribute 

to the individual variation, but genetic or environmental factors may also predispose an 

animal to develop pain behavior after injury (48, 56).

Hyperalgesia, maintained for 21 days after nerve injury, was associated with a significant 

drop in sympathovagal balance and heart rate. Sympathosensory integration is a major 
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component of the response to stress that is coordinated in the central stress network that 

includes cortical structures, amygdala, hypothalamus, midbrain PAG, and brain stem 

regions. Pain is an internal stressor that can compromise homeostasis and initiate patterns of 

physiological and behavioral response. When compromised, the function of the stress 

network is to restore homeostasis, affected by an increase in sympathetic outflow to improve 

cardiac output and divert blood flow to essential organs, coordinated with a decreased 

sensitivity to pain (12, 39). Sympathovagal balance and heart rate are initially maintained at 

baseline after SNI, possibly due to the activation of stress networks in the acute phase of 

injury. Following this early phase, there was a point of divergence at 7–10 days after SNI 

where the pain response either resolved back to normal function or was sustained over the 

postinjury period, perhaps signifying the transition from acute to chronic pain. Animals with 

sustained hyperalgesia behavior showed a significant decrease in heart rate and 

sympathovagal balance with an increase in vagal tone. A similar pattern of response 

consisting of a fall in heart rate and augmented HF power was also reported after chronic 

constriction injury of the sciatic nerve model of neuropathy (31). Human subjects have also 

been shown to respond with a decrease in sympathetic nerve activity and heart rate to 

sustained pain, although others demonstrate sympathoexcitation to the same stimulus, 

highlighting individual differences in autonomic responses to pain (19). The inability to 

maintain heart rate in the face of sustained pain behavior suggests that dysregulation in the 

stress circuitry could contribute to a chronic pain state. The lack of blood pressure increase 

in animals demonstrating persistent hyperalgesia might also reflect altered cardiovascular 

and pain interactions. However, it is consistent with the drop in heart rate seen in this study 

and with previous studies indicating that heart rate is more responsive to noxious stimulation 

than blood pressure (22, 53). On the other hand, blood pressure did not change despite the 

reduction in sympathovagal balance and heart rate. This apparent anomaly could be 

attributed to differential control of regional sympathetic outflows or adaptation as a 

consequence of enhanced circulating hormones such as angiotensin. Rat activity level was 

not monitored in this study. Although there were no clearly observed differences, it is 

possible that changes in heart rate could be associated with activity levels as a consequence 

of hyperalgesia behavior.

The sympathosensory responses to eSNL developed similarly to those in the SNI model 

described above, except that the Non-Hyperalgesia group demonstrated comparatively 

minimal pain behavior initially after injury, and the divergence between hyperalgesia and 

nonhyperalgesia behavior occurred earlier, at around 3 days. The earlier development of 

hyperalgesia could be attributed to the relatively more aggressive injury affecting both L4 

and L5 spinal nerves that could include both femoral and sciatic input.

Neurons in the PAG are critical central components modulating sympathetic outflow and 

sensory afferent input. The PAG is subdivided into columns around the cerebral aqueduct 

based upon cell phenotype, connectivity, and function. The dorsal and dorsolateral columns 

of the PAG (dPAG) are associated with active strategies to avoid stressors, including 

sympathoexcitation and opioid-independent antinociception (32). In contrast, the 

ventrolateral PAG is associated with passive responses and recovery efforts including 

sympathoinhibition and opioid-dependent analgesia (32). Nociceptive inputs relayed from 

the superficial lamina of the spinal cord to the lateral and ventrolateral columns of the PAG 
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activate descending modulatory pathways that can inhibit or facilitate noxious afferent input 

in the dorsal horn (46). The organization of the neurocircuitry in the PAG that influences 

autonomic and pain responses is unknown. The same neurons may subserve both 

sympathetic and sensory functions, or coordination of activity of separate sympathetic and 

sensory neurons may occur. However, the dPAG produces increases in sympathetic nerve 

activity, blood pressure, heart rate, and analgesia, for which there is growing evidence for the 

involvement of the endocannabinoid system (6, 10, 11, 28, 39, 41, 59). The data presented 

here suggest that upregulation of FAAH leading to reduced anandamide in the dPAG 

contributes to the maladaptive pain responses and associated autonomic and cardiovascular 

disturbances in chronic neuropathic pain. Interestingly, the fMRI signal intensity in the 

dPAG, but not the ventral PAG, increases in human subjects that demonstrate reduced 

sympathetic activity in chronic pain, supporting dysregulation of this PAG region in pain 

states (35).

Although this study focused on the dPAG, endocannabinoid signaling in the vlPAG may 

contribute to the autonomic adjustments evident in this study. CB1 receptors are distributed 

extensively throughout the dPAG and the vlPAG in both somatodendritic and presynaptic 

structures (61). Neurons from both regions innervate the rostral region of the external 

nucleus ambiguus that contains cardiac parasympathetic preganglionic neurons with the 

dPAG projection mediating inhibitory and the vlPAG mediating facilitatory effects (17, 30). 

The latter projection could contribute to the parasympathetic and bradycardic effects evident 

in the hyperalgesia rats.

Central antihyperalgesic actions of cannabinoid agonists have been demonstrated in a range 

of neuropathic pain models, and data from the present study suggest that the dPAG is a site 

of altered endocannabinoid signaling associated with pain relief (18, 34, 52). Anandamide 

content in the dPAG is lower in animals that developed persisting hyperalgesia and these 

data are supported by a positive correlation between transcript levels of mRNA for FAAH in 

the dPAG and hyperalgesia behavior. Also in accordance with these data, dPAG FAAH 

activity is increased in animals that demonstrate hyperalgesia responses at 21 days post-SNI. 

FAAH is a membrane protein expressed mainly in large outflow neurons and a primary 

regulator of brain anandamide concentrations by its hydrolysis to arachidonic acid and 

ethanolamide (8, 59). Interestingly, the contents of OEA and PEA, NAEs also catabolized by 

FAAH (26), trend to decrease but are not significantly altered in the hyperalgesic animals. 

We speculate that either anandamide synthesis is also decreased or a second enzyme 

involved in AEA degradation, for example, cyclooxygenase 2 (25), is also upregulated. 

FAAH activity in the dPAG of animals that do not maintain hyperalgesia responses 21 days 

after injury (mean 2.25 ± 0.47 fmol ethanolamine formed/min/mg protein) is similar to 

baseline levels of dPAG FAAH activity (mean 1.9 ± 0.45 fmol/ethanolamine formed/min/mg 

protein) (13). However, the mean FAAH activity level in the dPAG of animals that 

demonstrate hyperalgesia responses at 21 days post SNI is doubled at 5.08 ± 0.45 fmol 

ethanolamine formed·min−1·mg protein−1, suggesting that FAAH activity differences are a 

consequence of the nerve injury rather than a preexisting difference between the groups. 

Importantly, these data indicate that injury-induced upregulation of FAAH in the dPAG 

contributes to a maladaptive reduction of anandamide content that could contribute to the 

development of chronic pain after nerve injury. Animals that do not develop chronic 
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hyperalgesia maintain basal levels of FAAH. The origin of this heterogeneity of FAAH 

response to nerve injury is unknown.

In interpreting the experiments reported here, a possible mechanistic model to integrate our 

findings is shown in Fig. 7. Hyperalgesia and increased FAAH mRNA in the dPAG are also 

associated with attenuated sympathovagal balance and heart rate at 21 days postinjury, 

supporting a role for endocannabinoid signaling in facilitating the integrated stress response. 

Activated by pain, the normal function of the stress circuitry and enhanced endocannabinoid 

signaling would be to maintain sympathetic activity and attenuate pain responses to baseline 

as observed in animals that did not develop chronic pain behavior after injury. Dysfunction 

through upregulation of FAAH and reduced anandamide could contribute to decreased heart 

rate and increased sensitivity to pain.

Perspectives and Significance

Our findings indicate that upregulated FAAH and reduced anandamide content in the dPAG 

are associated with hyperalgesia and reduced heart rate sustained weeks after nerve injury. 

These data provide support for continued evaluation of the use of FAAH inhibitors to 

address neuropathic pain management as explored for injury, inflammatory, 

noninflammatory, and chemotherapy-induced pain states (1, 9, 23, 34). These studies also 

demonstrate a need for additional studies in the regulation of FAAH expression, particularly 

following injury and chronic stress. The antinociceptive and autonomic effects of 

endocannabinoids in the dPAG are an example of the diverse functions of endocannabinoid 

signaling in various neural circuits and locations (26), encouraging future research into 

targeted therapy to address specific conditions and limit adverse side effects of systemic 

administration.
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Fig. 1. 
Development of hyperalgesia responses to noxious hindpaw stimulation. At 21 days after 

injury, hyperalgesia response rates ranged from 0 to 80% after spared nerve injury (SNI, A) 

and 0 to 90% after enhanced spinal nerve ligation (eSNL, B). The Non-Hyperalgesia group 

demonstrated <20% response rate and the Hyperalgesia group >20%. Development of 

hyperalgesia behavior was similar for both paradigms with 14 of 23 SNI and 10 of 17 eSNL 

animals demonstrating hyperalgesia response rates > 20%.
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Fig. 2. 
Hyperalgesia response rate, heart rate variability and heart rate after spared nerve injury 

(SNI). A: hyperalgesia response rate. Animals were assigned according to hyperalgesia 

behavior on day 21 after injury. The Hyperalgesia group (n = 14) demonstrated >20% 

hyperalgesia response rate and the Non-Hyperalgesia group <20% hyperalgesia response 

rate (n = 9). The Sham control group underwent surgery without nerve injury (n = 7) and 

demonstrated no hyperalgesia type behavior. After an initial increase, the Non-Hyperalgesia 

group response resolved to Sham control levels in contrast to the Hyperalgesia group that 

maintained hyperalgesia behavior over the 21 days postinjury. B: low-frequency (LF) to 

high-frequency (HF) power ratio. Reflecting sympathovagal balance, the ratio of LF/HF 

power in the Hyperalgesia group decreased over time and was significantly lower than the 

Non-Hyperalgesia and Sham control groups (*F = 9.465, P < 0.001) and from baseline (P < 

0.05) at 21 days. C: HF power. Reflecting parasympathetic tone, the HF power in the 
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Hyperalgesia group increased over time and was significantly higher than the Non-

Hyperalgesia and Sham control groups (*F = 6.809, P < 0.005) and from baseline (P < 0.05) 

at 21 days. D: heart rate. Heart rate showed no main effect of group at any time point but 

heart rate of the Hyperalgesia group decreased significantly over time postinjury. The 

Hyperalgesia group showed a significant decrease compared with baseline heart rate (F = 

16.594) at day 3 (β, P < 0.03), and compared with baseline and day 1 from all time points 

from day 7 (denoted by ‡, day 7 P < 0.05; days 10–21, P < 0.001). On days 21 (P < 0.001) 

and 14 (P = 0.01) heart rate was also significantly decreased from day 3, denoted by δ.
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Fig. 3. 
Hyperalgesia response rate, heart rate variability, and heart rate after enhanced spinal nerve 

ligation (eSNL). A: hyperalgesia response rate. The Hyperalgesia group (n = 10) 

demonstrated sustained hyperalgesia responses > 20% over the 21 days postinjury whereas 

the Non-Hyperalgesia group (n = 7) demonstrated <20% hyperalgesia response rates and 

Sham control (n = 8) groups demonstrated no hyperalgesia behavior. B: LF/HF power ratio. 

Reflecting sympathovagal balance, the ratio of LF/HF power in the Hyperalgesia group on 

day 21 was significantly lower than the Non-Hyperalgesia and Sham control groups (*F = 

4.614, P < 0.05). C: HF power. There was no difference in HF power between the three 

groups and no change from baseline over 21 days after eSNL, reflecting no change in vagal 

tone. D: heart rate. Heart rate showed no main effect of group at any time point but heart rate 

of the Hyperalgesia group decreased significantly over time postinjury. The Hyperalgesia 

group showed a significant decrease compared with baseline heart rate and day 1 on days 14 
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and 21 (F = 10.569, ‡P < 0.001); compared with day 1 (β, day 10, P = 0.003; day 7, P < 

0.05); compared with day 3 (δ, day 21, P < 0.001; day 14 P < 0.02); and compared with day 
7 (γ, day 21, P < 0.02).
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Fig. 4. 
Change in heart rate and heart rate variability after nerve injury. Graphs illustrate changes in 

HR, LF/HF power ratio, an indicator of sympathovagal balance and HF power, an indicator 

of parasympathetic tone at 21 days after SNI, and mean arterial blood pressure (A) and 

eSNL (B) in rats that demonstrated a hyperalgesia response rate to noxious stimulation of 

the hindpaw <20% (Non-Hyperalgesia; SNI n = 9, eSNL n = 7) and >20% (Hyperalgesia; 

SNI n = 14, eSNL n = 10). *P < 0.001; **P = 0.002; ***P < 0.02.
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Fig. 5. 
Anandamide content and enzyme activity in the dPAG after spared nerve injury. A 

diagrammatic representation of a section through the midbrain (inset in A) showing the 

shaded area that is excised for dPAG tissue analyses. Graphs illustrate decreased 

anandamide content (A), increased FAAH mRNA (B), and increased FAAH enzyme activity 

(C) in the dPAG of rats that developed >20% hyperalgesia responses (Hyperalgesia) 

compared with those that developed <20% hyperalgesia responses (Non-Hyperalgesia) at 21 

days after spared nerve injury. *P < 0.02; **P = 0.002).
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Fig. 6. 
Correlation between transcript levels of components of the endocannabinoid system and 

hyperalgesia responses. Linear regression analysis shows a significant inverse correlation 

between FAAH mRNA in the dPAG and hyperalgesia response rate at 21 days after SNI (n = 

17) (A) and eSNL (n = 15) (B). There is no correlation between MAGL (C) or CB1 receptor 

mRNA (D) in the dPAG and hyperalgesia at 21 days after SNI.
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Fig. 7. 
Model of development of chronic hyperalgesia after SNI. After an initial hyperalgesia 

response to nerve injury, animals that demonstrate an upregulation of FAAH and decreased 

anandamide content in the dPAG do not maintain sympathovagal balance or heart rate and 

develop chronic hyperalgesia. One-third of neuropathic animals demonstrate baseline levels 

of FAAH and anandamide in the dPAG and maintain cardiac autonomic tone and heart rate, 

and do not develop chronic hyperalgesia but resolve back to normal nociception.
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Table 1.

Autonomic parameters are correlated to hyperalgesia and FAAH mRNA in the dPAG after nerve injury

Vs. Hyperalgesia Response Rate Vs. FAAH mRNA

r2 value P value r2 value P value

Spared nerve injury

ΔHR −0.474 0.002* ΔHR −0.144 0.133

ΔLF/HF −0.500 0.003* ΔLF/HF −0.234 0.049*

ΔHF  0.274 0.031* ΔHF  0.252 0.040*

Enhanced spinal nerve ligation

ΔHR −0.462 0.004* ΔHR −0.418 0.017*

ΔLF/HF −0.240 0.050* ΔLF/HF −0.327 0.041*

ΔHF  0.055 0.283 ΔHF  0.168 0.163

Coefficient of determination (r2 value) and significance (P value) for hyperalgesia response rate and dorsal periaqueductal gray (dPAG) transcript 
levels of fatty acid amide hydrolase (FAAH) mRNA versus change in heart rate (HR), low frequency (LF)/high frequency (HF) power ratio 
indicator of sympathovagal balance, and HF power indicator of parasympathetic tone at 21 days after spared nerve injury (n = 17) and enhanced 
spinal nerve ligation (n = 15)

*
Significance at P ≤ 0.05.
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