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1. Introduction

The lateral hypothalamus (LH) is part of a descending system that modifies nociception in 

the spinal cord dorsal horn. Both electrical (Lopez and Cox,1992; Dafny et al.,1996; Franco 

and Prado, 1996) and chemical stimulation with S-glutamate (Behbehani et al., 1988), 

morphine (Dafny et al., 1996; Franco and Prado, 1996), carbamylcholine (carbachol; Holden 

& Naleway, 2001; Holden et al., 2002; Holden et al., 2005; Holden and Pizzi, 2008; Holden 

et al., 2009; Safari et al., 2009), or nociception/orphanin FQ (Gerashchenko et al., 2011;) 

increase response latencies to acute (nociceptive) pain in rats. This nociceptive modulation 

was found in both male (Dafny et al., 1996; Franco and Prado, 1996; Behbehani et al., 1988; 

Safari et al., 2009; Gerashchenko et al., 2011) and female rats (Lopez and Cox, 1992; 

Holden and Naleway, 2001; Holden et al., 2002; Holden et al., 2005; Holden and Pizzi, 

2008; Holden et al., 2009). The role of the LH in modulating neuropathic pain states is not 

known for either male or female rats. However, there is evidence that neuropathic pain, 

including hyperalgesic pain states, creates a shift from opioid mediated responses to 

noradrenergic-mediated mechanisms (Hartrick, 2012; Rojo et al., 2012; Schiene et al., 2011; 

Schroder et al., 2010). This finding is in line with recent reports from our laboratory and 

others that the LH modifies nociception in the spinal cord dorsal horn in part through 

descending alpha adrenergic brainstem neurons (Holden and Naleway, 2001; Holden et al., 

2002; Holden et al., 2005; Holden and Pizzi 2008; Holden et al., 2009; Safari et al., 2009) 

and supports the hypothesis that LH stimulation will modify both nociceptive and 

neuropathic pain in male and female rats.
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The purpose of this study was to determine the effect of three different doses of carbachol 

stimulation of the LH on paw withdrawal responses in male and female Sprague-Dawley rats 

that received one of two pain conditions: neuropathic pain from chronic constriction injury 

(CCI), or naïve rats in which the thermal stimulus was analogous to acute, or nociceptive, 

pain (Loeser and Treede, 2008; Xu et al., 2012). The CCI model is a valid and reliable 

method of producing thermal hyperalgesia, one of the symptoms of neuropathic pain 

(Bennett and Xie, 1988; Bennett, 1993; Atal et al., 1990; Kim et al., 1997; Jeong and 

Holden, 2009). The paw withdrawal latency (PWL) was used to test responses to a thermal 

stimulus and has proven reliability and validity (Yeomans and Proudfit, 1994). A 

preliminary account of these results has been published as an abstract (Wagner, et al., 2012).

2. Experimental Procedures

The Institutional Animal Care Committee at the University of Michigan approved the 

experimental protocols used in this study. The experiments were conducted in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals 

(NIH Publications No. 80-23, revised 1996). All efforts were made to minimize animal 

suffering, reduce the numbers of animals used, and use alternatives to in vivo experiments.

Animals

Male and female Sasco-derived Sprague-Dawley rats (250–350 g; Charles River, Portage, 

MI) were used. All rats were maintained on a 12-hour day/night schedule with free access to 

food and water. To reduce the possibility of estrous cycle influence, female rats were 

randomly assigned to either experimental or control groups and no two rats were taken from 

the same cage on the same day. To reduce the risk that mirror image effects on the non-

ligated paw may be occurring, (Kim et al., 1997) we used separate control animals rather 

than having each animal serve as its own control. Two hundred ninety one rats were used for 

the study as reported, and each rat was used only once.

CCI procedure

Under isoflurane anesthesia, the left thigh of the rat was infused with bupivacaine (0.5%; 

0.10 ml). The common sciatic nerve was exposed at the level of the mid-thigh by blunt 

dissection through the biceps femoris. Proximal to the sciatic trifurcation, about seven mm 

of nerve was freed of adhering tissue and four ligatures (4.0 chromic gut) were tied loosely 

around the nerve, about 1 mm apart. The length of the nerve affected was 4 to 5 mm long. 

The ligatures were tied to lightly constrict the diameter of the nerves when viewed with 40X 

magnification, and standardized by observing for the initial twitching of the paw as the 

ligature was tightened. The muscle was sutured with 4.0 chromic gut and the incision closed 

with wound clips. Each rat received a subcutaneous injection of buprenorphine (0.3 mg/ml) 

at a dose of 0.05 mg/kg, recovered and returned to its cage.

Analgesiometric testing procedures

To determine the effect of LH stimulation on thermal nociception, the PWL was used. The 

paw was exposed to a focused beam of radiant heat using an analgesiometer (37360, Ugo 

Basile, Italy). Using a heat flux radiometer, the radiant beam of each machine was adjusted 
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to a maximum intensity of 130 mW/cm2. The time interval between the onset of skin heating 

and the withdrawal response was measured electronically. In the absence of a response, skin 

heating was terminated after 20 sec to prevent burning. Paw response latencies were 

measured at one place on the hairy surface of each hind paw. Baseline response latencies 

were approximately 6–8 sec. Temperature was measured with a rectal probe pre-injection, 

then at 5 min post injection and every 10 min thereafter. Heart rate, blood pressure and mean 

arterial pressure were measured preinjection and following the final latency measurement 

using a tail cuff and Coda monitor (Kent Scientific; Torrington, CT)

Estrodial/progesterone measurement

After thermal testing, cardiac puncture was used to draw blood for determining the serum 

estradiol/progesterone ratio in females to use for covariate analysis if indicated. Following 

completion of analgesic testing, female rats were deeply anesthetized with sodium 

pentobarbital (50 mg/kg, IP) and the chest opened. Using a 26 g needle attached to a 3 cc 

syringe, the cardiac ventricle was punctured and 1.5 cc blood withdrawn. The blood was 

then injected into a serum separator tube, gently inverted 2–3 times and left to sit for a 30–

60 min. The tube was then spun on a micro-centrifuge for 15 min at 3100 rpm, and 

refrigerated at −70° C until a batch was ready to send for analysis (Antech Diagnostics; 

Morrisville, NC).

Experiment 1: Nociceptive responses in CCI vs. non-CCI rats—To demonstrate 

that CCI ligation produced thermal hyperalgesia, male and female rats received CCI ligation 

of the left leg or sham surgery for control. In sham surgery, the sciatic nerve was exposed to 

the air but not ligated. Two weeks later each rat was lightly anesthetized with sodium 

pentobarbital (35 mg/kg, IP). Response latencies were then measured at 1 min and then 

every 5 min for 45 min.

Experiment 2: Carbachol or saline microinjection in the LH—Male and female 

rats were randomly assigned to pain condition (nociceptive or neuropathic) and to carbachol 

dose (125, 250, 500 nmol in 0.5 μl normal saline). Rats in the neuropathic group received 

CCI ligation, as described above, two weeks prior to Experiment 2. Rats in the nociceptive 

group did not receive ligation. Each rat was lightly anesthetized as described above and the 

scalp infused with the local anesthetic lidocaine (1%; 0.15 ml). Supplemental doses of 

pentobarbital were given during the procedure if the rats vocalized or moved without 

stimulation, but were rarely required. Immediately after anesthesia, the midline scalp was 

shaved and the rats were immobilized in a stereotactic apparatus. Using aseptic technique, a 

2-cm incision was made, and the muscle and fascia retracted. A 23-gauge stainless steel 

guide cannula was lowered through a burr hole into the region of the left LH defined by the 

following stereotactic coordinates: AP −1.5 mm from bregma, lateral +1.6 mm, vertical +2.2 

mm, incisor bar set at −2.5 mm. A 30-gauge stainless steel injection cannula was connected 

to a 10 μl syringe by a length of PE-10 polyethylene tubing filled with either saline or a 

solution of carbachol of either 125, 250 or 500 nmol in normal saline injected in a volume of 

0.5 μl (Sigma Chemical Co., St. Louis, MO; All solutions were made fresh daily and filtered 

through a 0.2 μm syringe prior to use). The injection cannula was then inserted and extended 

approximately 3 mm beyond the end of the guide cannula. After a baseline response latency 
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measurement was taken and recorded, either saline or carbachol was injected into the LH 

over a 1-min period using an electronic syringe pump. The injection cannula was left in 

place for an additional 60 sec following completion of the microinjection to reduce flow of 

drug up the guide cannula. Response latencies were then measured at 1 min post injection 

and then at 5 min intervals until a return to baseline or for 45 min.

Histology

Following testing, animals were overdosed with sodium pentobarbital and decapitated. The 

brains were taken and drop fixed in a solution of 10% neutral-buffered formalin. To 

determine the position of the microinjection sites relative to the LH, 40-μm transverse brain 

sections were cut from blocks of tissue that contained the visible injection cannula tract 

using a cryostat microtome. The sections were rinsed in cold phosphate-buffered saline PBS 

(10 mM), mounted on gel-coated slides, stained with 0.05% neutral red, dehydrated through 

a series of alcohols and xylenes, and cover slipped. The placement of the microinjection 

cannula was determined by locating the most ventral position of the cannula tip in serial 

sections by brightfield microscopy. Tracings of the appropriate sections were then made 

using the Neurolucida imaging system (Microbrightfield, Colchester, VT). The tracings were 

compared with drawings from the atlas of Paxinos and Watson (2009) to verify that the 

cannula was within the LH.

Statistical analysis

Treatment groups consisted of between 11 and 16 rats. Paw withdrawal latencies are 

presented as the mean ± S.E.M. For Experiment 1, statistical comparisons among treatment 

groups across multiple time points were made using two-way repeated measures ANOVA, 

and comparisons among means at specific time points were made using the Bonferroni t-test 

for multiple post-hoc comparisons using Sigma Stat 3.5 (Systat Software, Inc, Point 

Richmond, CA). In addition, paired t-test was used to compare withdrawal latencies between 

left and right paws for both male and female rats.

The analysis for Experiment 2 was done using the generalized linear mixed models 

(GLMM) with pain condition, sex, carbachol dose, and interactions entered as between-

subjects factors, and time as a within-subjects factor. Post hoc contrast tests were conducted, 

adjusting for Bonferroni correction among different time-points. Data analysis was 

performed using SAS 9.2 statistical software (SAS Inc., Cary, NC).

3. Results

Microinjector placement

Figure 1 is a representative drawing of microinjector placement for male and female CCI 

groups that received 500 nmol of carbachol, the dose that produced the most consistent 

antinociceptive effect. Microinjection sites for the nociceptive males and females were 

similar (not shown). Most of the injection sites were located within the area defined as the 

LH (Paxinos and Watson, 2009). Microinjections of carbachol outside of the LH in the 

ventral thalamus, zona incerta and amygdala produced some latency change for nociception. 

Therefore, data were analyzed only for microinjections within the LH.
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Effect of CCI ligation on male and female rats

CCI ligation produced significant hyperalgesia on the left paw of both male and female rats 

as shown by faster withdrawal latencies compared to sham surgery control rats. Figure 2A 

shows that male CCI rats withdrew their left paw significantly faster than control rats (two 

way repeated measures ANOVA, F = 4.695(1, 187); p = 0.04; 7.26 ± 0.65 vs. 9.27 ± 0.65 

respectively). Female CCI rats also withdrew their left paw from the heat stimulus faster 

than sham control rats (two way repeated measures ANOVA, F = 8.712(1, 234); p = 0.007; 

7.82 ± 0.85 vs. 11.39 ± 0.85 sec respectively; Fig. 2B)

Because the difference between male CCI rats and their controls was smaller than females 

and their controls, comparisons were made between the left and right paw withdrawal 

responses within groups. Figure 2C shows significant differences between the left and right 

paw withdrawal latencies in CCI male (Student’s T-test; 7.26 ± 0.35 vs 10.57 ± 0.45 sec; p < 

0.001; left and right resp.) and female rats (7.82 ± 0.34 vs. 8.84 ± 0.30; p =0.025). 

Interestingly, in sham surgery control rats, females showed no significant differences for left 

and right withdrawal latencies (p > 0.05) as was expected, but male sham rats demonstrated 

significant left (8.26 ± 0.22 sec) vs. right (11.13 ± 0.3 sec; p < 0.001) differences, indicating 

that the surgery itself produced hyperalgesia in males in the absence of sciatic nerve ligation. 

However, this hyperalgesia was less than that produced by CCI ligation.

Effect of sex, pain condition and carbachol dose on male and female rats

Male and female rats in both CCI and nociceptive groups demonstrated significant 

antinociception (time effect, F = 9.70, p = 0.0019) for left PWL following LH stimulation 

(Figure 3). There was a significant dose effect (F = 4.31, p = 0.005). In general, the highest 

carbachol dose (500 nmol) produced the greatest effect across all groups compared with 

control rats (p < 0.05). Male and female rats responded differently by pain condition and 

carbachol dose across time (significant gender*group*dose*time effect, F = 2.95, p = 

0.032). Female CCI rats (Fig. 3A) showed equivalent responses to the three carbachol doses, 

while male CCI rats (Fig. 3B) showed more variability for dose and a smaller response to 

LH stimulation than females. However, in nociceptive pain, females responded only to the 

500 nmol dose (Fig. 3C), while males responded to all doses (Fig. 3D).

In contrast, data for right PWL (Figure 4) illustrated less response variability between males 

and females by dose and pain condition (insignificant gender x group x dose x time effect, F 

= 0.16, p = 0.92). Overall there were no notable dose effects, except that nociceptive males 

remained likely to respond to all doses in acute pain (Fig. 4D).

Estrous cycle

Stage of estrous cycle was determined as a ratio of estradiol to progesterone values and 

compared to the table found in Butcher et al. (1974). Estrous cycle stage was variable across 

the four female groups and there was not a sufficiently large number per stage of estrous per 

group to analyze for covariance.
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Temperature, heart rate, and blood pressure

Baseline data for temperature, heart rate, and blood pressure were similar among different 

experimental groups. There was no notable difference in temporal patterns of temperature 

data between male and female rats; left and right paw; CCI and nociceptive groups; or 

among various dose groups. The variability of temperature across time among different 

subgroups was negligible, mostly within one Fahrenheit degree. Heart rate and blood 

pressure data illustrated similar results, and no significant differences in delta change among 

subgroups were observed (data not shown).

4. Discussion

Findings from the present study are suggestive of differences in descending modulation 

based on sex, carbachol dose, and pain condition of rats; stimulating the LH induced a 

significant antinociceptive effect on thermal PWLs in both male and female CCI rats with 

thermal hyperalgesia as well as nociceptive rats, in which the thermal stimulus was 

analogous to acute pain. All three carbachol doses were effective for female CCI rats, and to 

a lesser extent, for male CCI rats. In nociceptive rats, only the 500 nmol dose was effective 

for females while males responded to all three doses.

Descending modulation is inherent in the normal processing of pain, acting through both 

inhibition and facilitation mechanisms (Millan, 2002; Ossipov et al., 2010). Descending 

modulation is altered in neuropathic pain (Vanegas and Schaible, 2004) including such 

conditions as irritable bowel syndrome (Bannister et al., 2009; Heymen et al., 2010), 

temporal mandibular disorder (Bannister K et al., 2009), complex regional pain syndrome 

(Seifert et al., 2009), chronic pancreatitis (Olesson et al., 2010), tension headache 

(Pielsticker et al., 2005) and fibromyalgia (Lautenbacher and Rollman, 1997; Normand et 

al., 2011). The findings of the present study indicated that descending modulation is induced 

by LH stimulation in both neuropathic and nociceptive pain conditions. The reason for the 

effectiveness of LH-induced antinociception may relate in part to connections of the LH to 

descending brainstem systems. Several studies indicate that the periaqueductal gray (PAG) 

and the rostral ventromedial medulla (RVM) constitute the outflow of descending 

modulation and that peripheral damage can alter the balance between inhibition and 

facilitation of nociception by these brainstem structures (Niesters et al., 2013; De Felice et 

al., 2011; Heinricher et al., 2009; Vanegas and Schaible, 2004). The LH sends projections to 

both the PAG (Clement et al., 2012; Hsieh et al., 2011; Holden et al., 2009) and RVM 

(Barba, et al., 2014; Holden et. al., 2005; Herman, et al., 1997) as well as the descending 

noradrenergic neurons in the dorsolateral pontine tegmentum (Tokita et al., 2009; Holden 

and Naleway, 2000; Holden, et al., 2001). Stimulation of the LH produces both inhibition 

and facilitation through these structures in a nociceptive model of pain in females. 

Disruption of any one of these areas with cobalt chloride which reversibly blocks all 

synaptic activity in the area of microinjection (Barnabi and Cechetto, 2001; Kretz, 1984; 

Norton et.al., 1985) eliminates LH-induced antinociception, suggesting that effective 

descending modulation is a network of structures that produces summation of facilitation 

and inhibitory effects that favors inhibition.
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Sex differences in pain responses and modulation have been found in humans and animals, 

although a recent systematic review of the literature could not demonstrate a consistent 

pattern of gender differences in responses to pain in humans (Racine et al., 2012). Generally 

speaking, women report greater pain, are at higher risk of developing clinical pain states, and 

require higher doses of morphine to relieve pain than men (Mylius et al., 2005; Aubrun et 

al., 2005; Fillingim et al., 2009), and have lower tolerance for pressure and thermal pain, but 

have responses comparable to men for cold and ischemic pain (Racine et al., 2012). Female 

rats experience more pronounced low dose morphine hyperalgesia than males (Holtman and 

Wala, 2005), develop complete Freund’s adjuvant-induced inflammation faster than males, 

exhibit greater hyperalgesic effects, and require higher doses of morphine and oxycodone 

than males (Cook and Nickerson, 2005). Antinociception is also significantly greater in male 

than female rats overall on the tail flick and electric shock-induced jump tests following 

intrathecal injection of clonidine, an alpha2-adrenoceptor agonist (Kiefel and Bodnar, 1991). 

Additionally, females exhibit long term mechanical hyperalgesia compared to male rats at 

several lower volumes of hypertonic saline injected into muscle, while males show 

significantly longer thermal paw withdrawal latencies at a higher volume (0.4ml) than 

females (Lei et al., 2011). Findings from the current study support and extend these earlier 

findings of sex differences in both acute and hyperalgesic models of nociception, with the 

notable finding that female antinociceptive responses, particularly in the hyperalgesic model, 

are greater than those of males.

Previous work from this laboratory demonstrated that the 125 nmol dose of carbachol was 

effective in reducing nociceptive pain in female rats, a finding contrary to the findings of the 

present study. This difference may be attributed to a different heat source. In the previous 

study we used a projection bulb suspended over the paw that heated an area of skin 

approximately 5 mm in diameter with intense light, which was encircled by a penumbra of 

less intense light. In the current study the size of the thermal heat stimulus was 

approximately 2mm. Differences in recruitment and summation of peripheral fibers likely 

contributed to the different dose responses.

An unexpected finding was that male sham surgery rats showed significant hyperalgesia of 

the left compared to the right paw two weeks post incision. Given that sham surgery is an 

acute procedure, we expected that neither sham group would show left-right paw 

differences. It is possible that this finding is due to technical error, but that explanation is 

unlikely. A single technician did the CCI and sham surgeries, and females showed no 

significant left right differences. In male rats, persistent secondary hyperalgesia has been 

observed following incision of the gastrocnemius muscle due to hypoxia and elevated lactate 

and pH levels at the incision site that could sensitize nociceptors, and increase central 

sensitization (Kang et al., 2013; Kim et al., 2007; Woo et al., 2004; Pogatzki et al., 2002). 

This finding is in line with the finding of the present study with male rats, but the reason for 

a lack of hyperalgesia in sham females is not clear. One explanation for male sham 

differences may relate to thermosensitive TRPV channels that are expressed in sensory 

neurons and that detect distinct temperature thresholds in both humans and mice (Smith et 

al., 2002; Moqrich et al., 2005; see Dhaka et al., 2006, and Schepers and Ringcamp, 2010 

for review). Recent ongoing work showed that male rats had a greater preference and 

sensitivity for temperature differences compared to females, possibly due to differences in 
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sensitivity of TRP channels (Carstens et al., 2013). Whether this difference is observable in 

lightly anesthetized rats as in the current study is not clear, but the presence of male-female 

differences in TRP channels is an avenue worth exploring.

Early electrolytic lesion work implicates the LH in temperature regulation (Arase et al., 

1987; Monda et al., 1996; Refinetti and Carlisle, 1986; 1987). More recent studies stress the 

role of the preoptic, paraventricular and dorsomedial hypothalamic areas in temperature 

control (Osaka, 2012, 2009, 2004; Morrison and Nakamura, 2011; Nakamura, 2011; de 

Menezes et al., 2009; Nakamura and Morrison, 2007; Nagashima et al., 2000). However, 

orexin-containing neurons in the LH perifornical area are now known to affect brown fat 

tissue (BAT) thermogenesis (Tupone et al., 2011; Richard, 2007; Oldfield et al., 2002), but 

only when body temperature is maintained below 37° (Morrison et al., 2012; Tupone et al., 

2011). In our experiments, it is likely that we stimulated orexin neurons, but as the body 

temperatures of our rats were maintained at 37° or above, the likelihood that nociceptive 

responses from LH stimulation were from changes in temperature is small.

The LH has also been identified as a contributor to cardiovascular regulation, including 

decreasing (Smith et al., 2007; Brown et al., 2007), or increasing blood pressure (Shahid et 

al., 2012; Xiao et al., 2013). Because group blood pressure and heart rate stayed within a 

reasonable physiological range during the testing of our rats, it is unlikely that 

cardiovascular effects acted as a confounding variable for our findings.

A limitation of microinjector studies is the difficulty in determining the precise 

microinjection size. Previous work has shown that molecular weight, concentration (Myers 

and Hoch, 1978; Nicholson, 1985) and water solubility of the solution, injector tip size 

(Sakai et al., 1979) and neuroanatomical features of the injection site (Nicholson, 1985; 

Sakai et al., 1979; Lum et al., 1984) can all affect spread of the injected solution. Generally 

speaking, microinjections of 0.5 μl or less limit the average spread of injection (Myers and 

Hoch, 1978). While recent findings indicate that a 0.5 μl injection of [3H]muscimol into 

subcortical structures produces a labeled area of over 5 mm2 15 minutes after injection 

(Edeline et al., 2002), others have reported smaller areas of spread, with average injections 

sites of 1–1.5 mm within the first 20 min post injection (Grossman and Stumpf, 1969; Myers 

and Hoch, 1978; Martin, 1991). Our microinjections of 0.5 μl likely fall within these 

parameters. It is also important to note that the amount of available solution relative to the 

injection location is considerably lower the farther away from the injector tip (Myers and 

Hoch, 1978; Grossman and Stumpf, 1969). Similarly, diffusion of a solution does 

necessarily equate with neuron activation. Microinjection of carbachol into the ventral 

thalamus just dorsal to the LH (Holden and Pizzi, 2009), the nigrostriatal bundle (Holden et 

al., 2002) and the internal capsule adjacent to the LH (Holden et al., 2005; Holden et al., 

2002) produces withdrawal latencies similar to baseline measurements. Finally, we showed 

previously that 62 nmol of carbachol produces response latencies similar to control rats 

when microinjected into the LH (Holden and Naleway, 2001). Given our use of a small 

microinjector tip, exclusion of injections outside the LH, the evidence that neurons closer to 

the microinjector tip are more likely to be activated than neurons farther away, and the lack 

of response from a smaller dose of carbachol, the probability that our results came from 

stimulating neurons outside of the LH is small.
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In the present study, unilateral microinjection of carbachol did not produce significant 

differences on right paw withdrawal latencies except for male nociceptive rats. The LH 

projection to the spinal cord is primarily ipsilateral (Kuypers and Maisky, 1975; Hancock, 

1976; Saper et al., 1976; Hosoya, 1980) and our findings support this observation. The 

reason for right paw responses to LH stimulation in male naïve rats is unclear. However it is 

notable that right paw withdrawal response for saline control rats in nociceptive males was 

almost two seconds faster than the left paw and this difference may represent random 

variability.

In summary, the results of the present study demonstrated that microinjection of carbachol in 

the LH produced antinociception for female and male rats with both hyperalgesic and 

nociceptive pain with no significant effects on temperature or cardiovascular responses. 

These preclinical findings are suggestive that LH stimulation may be effective in reducing 

both neuropathic and nociceptive pain in humans, but responses may differ based on sex, 

pain condition and dose of stimulation.
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Highlights

• Male and female rats showed thermal hyperalgesia from left paw CCI.

• Carbachol in the LH produced antinociception in males and females on the 

left paw.

• Carbachol dose responses differed based on sex of the rat and pain condition.
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Figure 1. 
Representative location of microinjection sites in the LH for left PWL for the 500 nmol dose 

of carbachol in CCI rats. Most of the injection sites were located within the border of the LH 

between AP −2.12 and −3.60 mm from bregma. The symbols represent the differences 

between baseline paw response latencies and those at the peak time of carbachol 

effectiveness (10 min for females and 20 min for males). Symbols for response latency after 

microinjection of carbachol are as follows: (◇) 3–8 sec; (○) 9–14 sec; (□) 15–20 sec. 

Injection sites located in the zona incerta and amygdala (●;■) and the ventral thalamus or 

optic tract (◆) were excluded from data analysis. AH, anterior hypothalamic area; AMG, 

amygdala; ic, internal capsule; LH, lateral hypothalamus; LV, lateral ventricle; mt, 

mammillothalamic tract; opt, optic tract; PH, posterior hypothalamus; VM, ventromedial 

thalamic nucleus; VPL, ventral posterolateral thalamic nucleus; VPM; ventral posteromedial 

thalamic nucleus; ZI, zona incerta.
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Figure 2. 
CCI ligation produced decreases in left PWL. (A) Female CCI rats (○) had significantly 

shorter paw withdrawal latencies than sham surgery controls (●). (B) Male CCI rats also 

had significantly shorter withdrawal latencies (□) compared to sham controls (■). (C) Both 

female and male CCI rats demonstrated shorter average PWL on the left (L) compared to the 

right (R) paw. However, while female sham surgery control rats showed no left/right paw 

differences, males sham surgery controls had significantly shorter left PWL compared to 

right paws (averaged response latencies at 10 min post baseline). Mean response latencies ± 

SEM plotted on the ordinate as a function of time; n = 14 per group (*p < 0.05).
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Figure 3. 
Microinjection of carbachol in the left LH produced dose-dependent increases in left PWL. 

Following a baseline response latency measurement at time −1 min, normal saline (◆) or 

carbachol in one of three doses: 125 nmol (△); 250 nmol (□); or 500 nmol (○) was 

microinjected into the LH at time 0. The 500 nmol dose was the most effective across groups 

compared to saline control rats, but dose response was dependent on sex of the rat and pain 

condition. Female CCI rats (A) showed equivalent responses to the three carbachol doses, 

while male CCI rats (B) showed more variability for dose and a smaller, but significant, 

response to LH stimulation than females. However, nociceptive females responded only to 

the 500 nmol dose (C), while nociceptive males responded to all carbachol doses (D). Mean 

response latencies ± SEM are plotted on the ordinate as a function of time (min).
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Figure 4. 
Effects of carbachol microinjection in the left LH on right PWLs. Neither CCI group (A and 

B) showed a significant right paw effect at any dose of carbachol (125 nmol (△); 250 nmol 

(□); or 500 nmol (○), compared to saline for control (◆), nor did female nociceptive rats 

(C). Male nociceptive rats (D) demonstrated a significant increase in PWL at all doses of 

carbachol compared to the saline control group. Mean response latencies ± SEM plotted on 

the ordinate as a function of time (min).

Holden et al. Page 19

Neuroscience. Author manuscript; available in PMC 2018 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	1. Introduction
	2. Experimental Procedures
	Animals
	CCI procedure
	Analgesiometric testing procedures
	Estrodial/progesterone measurement
	Experiment 1: Nociceptive responses in CCI vs. non-CCI rats
	Experiment 2: Carbachol or saline microinjection in the LH

	Histology
	Statistical analysis

	3. Results
	Microinjector placement
	Effect of CCI ligation on male and female rats
	Effect of sex, pain condition and carbachol dose on male and female rats
	Estrous cycle
	Temperature, heart rate, and blood pressure

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

