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Neurologic and Histopathologic Evaluation After High-Volume Intrathecal Amitriptyline Yukari Sudoh, M.D., Sukumar P. Desai, M.D., Anna E. Haderer, M.D., Shinji Sudoh, M.D, Ph.D., Peter Gerner, M.D., Douglas C. Anthony, M.D, Ph.D., Umberto De Girolami, M.D., and Ging Kuo Wang, Ph.D. Background and Objectives: Accumulating evidence indicates that amitriptyline decreases pain sensation when administered orally, intraperitoneally, or for sciatic nerve block. Previous reports of intrathecal administration of amitriptyline have yielded inconsistent results. The failure of amitriptyline to provide antinociception may partly be related to its high logP (octanol-water partition coefficient) and consequent poor spread within the cerebrospinal fluid. We evaluated spinal block after various concentrations of amitriptyline administered intrathecally in a fixed high volume. Methods: We administered 100 L of 5, 10, 15.9 (0.5%), 25, 50, or 100 mmol/L amitriptyline hydrochloride solution or 100 L of 15.4 mmol/L (0.5%) bupivacaine hydrochloride solution intrathecally to rats. The neurologic deficit was evaluated by antinociceptive, motor, and proprioceptive responses, and the spinal cord was examined for histopathologic changes. Results: Doses of 100 L amitriptyline at 15.9 mmol/L (0.5%) and 25 mmol/L produced longer complete nerve block than did bupivacaine at 15.4 mmol/L (0.5%); 5 and 10 mmol/L amitriptyline produced only partial nerve block. However, with 100 L intrathecal amitriptyline at 50 and 100 mmol/L, many rats did not fully recover from spinal block. Severe axonal degeneration, myelin breakdown, and replacement of neuronal structures by vacuoles were seen in the spinal root section of animals injected with concentrations higher than 25 mmol/L amitriptyline. Conclusions: At lower doses, intrathecal injection of high volumes of amitriptyline results in long-acting spinal block. At higher doses, intrathecal amitriptyline results in irreversible neurologic deficit. Therefore, we do not recommend the use of intrathecal amitriptyline because of a very low therapeutic index. Reg Anesth Pain Med 2004;29:434-440. Key Words:
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lthough amitriptyline has limited clinical efficacy, it is used widely in the treatment of various types of chronic-pain syndromes such as neuralgia, neuropathic cancer pain, headache, and orofacial pain.1,2 Inhibition of norepinephrine and serotonin reuptake3 is only one of its many poten-
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tial mechanisms of action. Evidence suggests that amitriptyline blocks ␣2-adrenergic,4 nicotinic,5 muscarinic cholinergic,6 N-methyl-D-aspartate,7 and histaminergic receptors8 and interacts with opioid and adenosine receptors.9 In addition, amitriptyline has been shown to block various voltagegated ion channels, including Na⫹, K⫹, and Ca⫹⫹ channels.10-13 We recently reported that, in rats, amitriptyline was a more potent nerve blocker than bupivacaine when administered in the vicinity of the sciatic nerve.14,15 This finding suggests that amitriptyline exerts antinociceptive effects by blocking peripheral nerves. In fact, the duration of complete block of the sciatic nerve by amitriptyline was longer than that seen with bupivacaine. Intrathecal injection of amitriptyline enhances the antinociceptive effects of intravenous morphine, a drug whose effects are the combination of a spinal serotonergic and a noradrenergic mechanism.16,17 Such an enhancing effect may be caused by interference with serotonin
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uptake in the spinal cord, the brain, or both. Intrathecal amitriptyline exhibits antinociceptive effects in sheep without significantly affecting the circulatory system, which suggests that it might also be useful in humans.18 However, the antinociceptive effects of intrathecal amitriptyline in the rat remain controversial. Esser and Sawynok19 reported that administration of 60 g of amitriptyline (in a total volume of 20 L) via chronically implanted intrathecal cannulae produced antihyperalgesic effects.19 In contrast, a recent report noted that amitriptyline enhanced flinching behavior during the formalin test, which was developed to evaluate persistent pain.20 Because the reason for these discrepancies is not known, we investigated the effects of intrathecal injection of amitriptyline on spinal block.



Methods Chemicals Amitriptyline hydrochloride and bupivacaine hydrochloride were purchased from Sigma Chemical Company (St. Louis, MO). Drug solutions for intrathecal injection were freshly prepared each day by using 0.9% sodium chloride as a diluent, and the pH was adjusted to 5.5. Preparation of the Intrathecal Catheter A 23-cm long, PE10 polyethylene (0.024-inch outside diameter, 0.011-inch inside diameter [Intramedic; Sparks, MD]) tube was used as the catheter for injection. Small knots were tied 2.5 cm and 3.0 cm from the distal tip of the catheter. The catheter was stored in ethanol, and before use, it was flushed and filled with normal saline. The dead space of the catheter was about 12 L. Preparation of the Rats The protocol for animal study was reviewed and approved by the Harvard Medical Area Standing Committee on Animals. Male SASCO-Sprague-Dawley rats were purchased from Charles River Laboratory (Wilmington, MA) and kept in the animal housing facility at Brigham and Women’s Hospital. Humidity was controlled (20% to 30% relative humidity), as was room temperature (24°C). A 12-hour (6:00 AM to 6:00 PM) light-dark cycle was maintained. Before cannulation, the animals weighed between 350 and 400 g and showed no signs of neurobehavioral impairment such as residual paralysis, decreased reaction to pinching, or other evidence of impaired motor function or proprioception. We used a modification of the cannulation technique described by Fu et al.21 Briefly, each rat was
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anesthetized by an intraperitoneal injection of the animal tranquilizer xylazine (12 mg/kg) and ketamine (40 mg/kg), and the skin of each animal’s back was shaved over a wide area. A 2-cm midline incision was made through the skin over the L5 and L6 vertebrae. Superficial and deep lumbar muscles were carefully separated and the tissues between the L5 and L6 vertebrae exposed. Partial laminectomy was performed and the defect enlarged. The dura was punctured by using a 27-gauge needle, and the PE10 intrathecal catheter was inserted and advanced cranially through the needle along the dorsal surface of the spinal cord until it reached the first knot in the catheter. The aim was to place the tip of the catheter in the vicinity of the L2 to L3 vertebral space. The needle was withdrawn over the knot, and the second knot of the catheter was fixed to the fascia and sutured, and the catheter was tunneled under the skin. The catheters exited the skin near the animals’ necks. The knots were used to secure the catheter to adjacent tissues and did not interfere with our ability to inject drugs into the cerebrospinal fluid. A blunt needle was inserted directly into the catheter and used for injections. After the surgery, the animals were housed in individual cages with free access to food and water and were allowed to recover for at least 4 days. Rats showing symptoms of traumatic nerve damage were excluded from the study. Experimental Protocol On the day of the study, the rats were exposed and habituated again to the testing environment for several hours, and baseline neurobehavioral data were obtained. Motor function, proprioception, and nociceptive reactions were evaluated. For the inactive control group, 100 L normal saline, and for the active control group, 100 L of 15.4 mmol/L (0.5%) bupivacaine hydrochloride (n ⫽ 8) solution, were injected through the intrathecal catheter over 3 minutes via a microsyringe while the animals were kept in a head-up position. Animals were kept in this position manually with the right hand supporting the hind limbs while the left hand stabilized the head and neck. After the local anesthetic injection was completed, motor paralysis of the hind legs appeared promptly (within 20 seconds). For the study group, we injected 100 L of 5 mmol/L (0.16 mg, n ⫽ 9), 10 mmol/L (0.31 mg, n ⫽ 6), 15.9 mmol/L (0.5%, 0.50 mg, n ⫽ 5), 25 mmol/L (0.78 mg, n ⫽ 5), 50 mmol/L (1.6 mg, n ⫽ 9), or 100 mmol/L (3.1 mg, n ⫽ 6) amitriptyline hydrochloride solution. Neurologic evaluations were performed 2, 5, 10, 20, 30, and 60 minutes after injections, thereafter
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at 1-hour or 2-hour intervals for 12 hours, and finally, twice daily until the animals were killed. We used a fixed high volume because, in pilot studies with lower volumes, we were unable to achieve a spinal block consistently up to the lower thoracic level and were unable to evaluate the function of the hind limbs. We administered 20 mmol/L amitriptyline in the volumes of 30 L, 50 L, and 100 L. The 30-L dose was largely ineffective, the 50-L dose caused incomplete block of the rats’ hind limbs, and the 100-L dose resulted in complete block. When 0.5% bupivacaine was used intrathecally, a 30-L dose produced complete block within 10 minutes. Our assumption was that amitriptyline spreads very little within the cerebrospinal fluid (because of a relatively high octanol-buffer partition coefficient) and other unknown factors. Therefore, we used the unusually high volume of 100 L. Evaluation of Neurologic Functions Antinociceptive reactions. Antinociceptive reactions were quantitated by evaluating the withdrawal reflex and vocalization in response to pinching of the fifth toe of the hind limbs. Antinociceptive reactions were graded as 4 (normal, vigorous withdrawal and/or vocalization), 3 (moderately strong withdrawal and/or vocalization), 2 (mild withdrawal and/or vocalization), 1 (minimal withdrawal and/or vocalization), and 0 (no withdrawal and/or vocalization). Motor function. Motor function of hind limbs was evaluated by measuring the gram force of the extensor postural thrust as described by Thalhammer.22 Briefly, the animal was held by its 3 nonexamined legs and allowed to push the examined leg against the platform of a scale. The normal (control) score was 0. The reduction in this force, which resulted from reduced extensor muscle tone, was considered a deficit in motor function. A force of less than 20 g was considered an absence of extensor postural thrust, or grade 3 (full motor block). The animals were held in a consistent manner and raised to a similar height during these measurements. Proprioception. Evaluation of proprioception was based on resting posture and postural reactions (“tactile placing response” and the “hopping response”). The functional deficit was graded as 0 (normal), 1 (slightly impaired), 2 (severely impaired), and 3 (complete) as described by Thalhammer.22 Briefly, the hopping response was evoked by lifting the front half of the animal off the ground, and, in addition, lifting 1 hind limb off the ground to have the animal move laterally. Normally, this process promptly evokes hopping on the weight-



bearing limb in the direction of movement in an attempt to avoid falling over. If motor impairment predominates, we see a prompt but weaker-thannormal response. Conversely, if proprioceptive block predominates, the animal’s delayed hopping is followed by unusually large lateral hops to avoid falling over or, in case of full block, by not hopping at all. Pathology Seven days after drug administration, 3 to 5 animals were selected from the 15.9-mmol/L (0.5%), 25-mmol/L, and 50-mmol/L amitriptyline groups and also from the 0.5% bupivacaine group. Animals with most extensive neurologic deficits, or those with the longest duration of block, were selected for histopathologic examination. The animals were anesthetized by administration of intraperitoneal xylazine and ketamine. The thoracic cavity was exposed, and a catheter was inserted into the ascending aorta via the left ventricle. Five hundred milliliters of normal saline that contained 2,500 IU heparin was infused through the catheter. Next, 500 mL of 4% formaldehyde in 0.1 mol/L phosphate buffer was infused through the catheter. After initial tissue fixation, cross-sections of the spinal cord, vertebrae, muscles, and proximal and distal portions of the spinal roots were prepared and fixed overnight in 4% formaldehyde. Tissues were studied from the vertebral region of T12 to L5. Crosssectioning and hematoxylin and eosin staining were performed by application of routine histologic techniques, and the slides were examined by experienced neuropathologists (D.C.A. and U.D.G). Animals not subjected to pathologic examination were killed. Statistical Analysis Analysis of variance was used to detect significant differences among the proprioceptive, motor, and nociceptive functions of the animals after bupivacaine, amitriptyline, or normal saline injection. Data are presented as mean ⫾ standard error of the mean. A P value of .05 or less was considered to be statistically significant.



Results After the study, we exposed the subarachnoid space and examined the catheters to verify correct placement. In every animal, the tip of the catheter was found to lie between the L1 and L3 levels. Intrathecal administration of 0.9% normal saline had no effect on any of the neurologic functions evaluated. Intrathecal injection of amitriptyline or



Amitriptyline for Prolonged Intrathecal Anesthesia Table 1. Time to Full Recovery (hours, mean ⫾ SEM) of Motor, Proprioceptive, and Antinociceptive Functions After Intrathecal Administration of Amitriptyline Drug Reaction



Motor Function



Proprioception



Antinociceptive



Amitriptyline 5 mmol/L Anitriptyline 10 mmol/L Amitriptyline 15.9 mmol/L Amitriptyline 25 mmol/L



0.6 ⫾ 0.1



0.6 ⫾ 0.1



0.5 ⫾ 0.0



1.8 ⫾ 0.1



2.0 ⫾ 0.1



2.6 ⫾ 0.2



3.8 ⫾ 0.3



3.9 ⫾ 0.2



3.6 ⫾ 0.2



15.2 ⫾ 0.7



14.6 ⫾ 0.6



15.3 ⫾ 0.7



NOTE. The time to full recovery for the functins was similar for groups administered 5 mmol/L and 10 mmol/L amitriptyline. The groups that received 15.9 mmol/L and 25 mmol/L amitriptyline were different from one another and from the groups that received the lower doses (P ⬍ .05).



bupivacaine produced very rapid onset of block in both hind limbs (within 20 seconds). Duration of Complete Block The duration of complete block of motor function, proprioception, and antinociceptive reactions by 25 mmol/L amitriptyline was 3.9 ⫾ 0.3, 3.9 ⫾ 0.3, and 4.2 ⫾ 0.5 hours, respectively. With 15.9 mmol/L (0.5%) amitriptyline, the duration of complete block was 0.6 ⫾ 0.1 hours for motor and proprioceptive function and 0.7 ⫾ 0.1 hours for antinociceptive reactions. With 10 mmol/L amitriptyline, 5 of 6 rats showed complete block of proprioception and nociception. Four of 6 rats showed complete block of motor function. With 5 mmol/L amitriptyline, 5 of 9 rats showed complete block of nociceptive function within 10 minutes. Four of 9 rats showed complete blockade in proprioception and motor function. These effects were of the same duration as those on nociceptive function. In the 100 L 0.5% bupivacaine group, the duration of complete block of functions was 0.4 ⫾ 0.02 hours. The duration of complete block of functions by 15.9 mmol/L (0.5%) and 25 mmol/L amitriptyline were significantly longer than that seen with bupivacaine 0.5% (P ⬍ .001). Time to Full Recovery of Function The time required for full recovery of motor block, proprioception, and antinociceptive reactions after intrathecal amitriptyline is shown in Table 1. The duration of block was similar for all 3 functions in the 5 mmol/L and 10 mmol/L amitriptyline groups. The group that received 15.9 mmol/L amitriptyline showed longer duration of block than these 2 groups (P ⬍ .05). The group that received 25
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mmol/L amitriptyline showed even greater duration of block for all 3 functions (P ⬍ .05). In the 15.4 mmol/L (0.5%) bupivacaine group, time to full recovery of functions was almost the same as that for complete block time, 1.0 ⫾ 0 hours. Time for full recovery from spinal block with 15.9 mmol/L (0.5%) amitriptyline took more than 3 times as long as recovery from spinal block with 15.4 mmol/L (0.5%) bupivacaine (P ⬍ .05). Persistent Neurologic Deficit In the 100-mmol/L amitriptyline group, 3 of 6 rats suffered seizures and died within a few minutes. The remaining 3 rats appeared somnolent and exhibited complete paralysis of both hind limbs even 4 days after drug administration, and were killed. Therefore, none of the rats in the 100mmol/L amitriptyline group were included in histopathologic evaluation. In the 50-mmol/L amitriptyline group, 6 of 9 rats showed prolonged motor block in both hind limbs and recovered approximately 25 hours later. The remaining 3 rats exhibited persistent motor deficit in 1 hind limb (Fig 1).



Fig 1. Antinociceptive blockade comparing intrathecal bupivacaine and amitriptyline. A nociception score of 4 (normal) was assigned to a vigorous withdrawal and/or vocalization, a score of 3 was assigned to moderately strong withdrawal and/or vocalization, a score of 2 was assigned to mild withdrawal and/or vocalization, a score of 1 was assigned to minimal withdrawal and/or vocalization, and a score of 0 was assigned to no withdrawal and/or vocalization. The antinociceptive effects differ (P ⬍ .05) between the 3 groups—25 mmol/L amitriptyline, intermediate doses of amitriptyline (15.9 and 10 mmol/ L), and the lowest dose of amitriptyline (5 mol/L) and 15.4 mmol/L bupivacaine.
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Fig 2. Photomicrograph showing histopathologic changes with 100 L amitriptyline (at a concentration of 25 mmol/L) in the spinal cord and a spinal nerve root. The spinal root shows vacuoles (arrows), whereas normal tissue architecture is preserved in the spinal cord (on the left).



Histopathologic Findings After Spinal Amitriptyline With 50 mmol/L amitriptyline, chemical meningitis and focal axonal degeneration were present in up to 40% of the cross-sectional area (n ⫽ 5) (Fig 2). The dorsal columns showed some degenerating fibers beneath the pia mater, even in animals that had fully recovered from neural block. Tissue damage was most evident with formation of vacuoles where neuronal structure would normally be present. With 25 mmol/L amitriptyline, focal morphologic changes were seen in spinal roots in 40% of the cross-sectional area in all but 1 animal (n ⫽ 5) (Fig 3); however, no morphologic changes occurred in the spinal cord. With amitriptyline 0.5% (15.9 mmol/L), the spinal cord was completely normal, and 1 root showed breakdown of myelin (n ⫽ 2). With bupivacaine 0.5%, the spinal cord was completely normal, as with 0.5% amitriptyline; however, degenerative changes were seen in 20% to 30% of the cross-sectional area of the roots (n ⫽ 3).



Fig 3. Photomicrograph showing histopathologic changes with 100 L amitriptyline (at a concentration of 50 mmol/L) and in a section of spinal cord (lower left) and a spinal nerve root. Both the spinal root and the spinal cord show vacuoles (arrows).



other drugs.16 Our data support the finding that amitriptyline is capable of producing complete spinal anesthesia when administered as the sole agent, but only at high volumes. The need for a high volume of intrathecal amitriptyline could result partly from its high lipid solubility. Amitriptyline has a high octanol-buffer partition coefficient (logP). Its calculated logP0 value is 4.95 compared with a logP0 value for bupivacaine of 3.41 (Table 2). Strichartz et al.23 suggested that lipid solubility affects the uptake and the spread of local anesthetics, thereby influencing extent and degree of block. Therefore, if a drug such as amitriptyline has a very high logP value, it barely spreads within an aqueous environment. In addition, it easily enters the nerve membrane, but because of its high lipophilicity, it remains in the membrane for an extended period of time. In a previous report, dose-response curves showed that amitriptyline was approximately 10.6 Table 2. Properties of Amitriptyline and Bupivacaine



Discussion We have shown that low doses of amitriptyline administered intrathecally at high volumes are capable of effectively and reversibly blocking nociception in rats. However, at higher concentrations, amitriptyline produced signs of behavioral and histopathologic toxicity in neural tissues, along with corresponding neurologic deficits. In earlier work, spinal amitriptyline has been shown to be effective only in combination with



Local Anesthetic (LogP⫹) Bupivacaine Amitriptyline



Formula



MV



IC50 (mol/L) LogP0



C18H28N2O 288.0 9.6 ⫾ 0.9 C20H23N 277.4 0.9 ⫾ 0.1



3.41 4.95



0.18 2.18



NOTE. LogP is the logarithm of the partition of a compound between octanol and water at 25°C. It is a physicochemical parameter that has a correlation with the absorption of small molecules into physiologic membranes. P0, neutral state; P⫹, charged state.23 Abbreviations: IC50, drug concentration resulting in 50% inhibition of Na⫹ current; MW, molecular weight.
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times more potent than bupivacaine when the Na⫹ channels are in the inactivated state (membrane potential, ⫺60 mV) and approximately 4.7 times more potent when the Na⫹ channels are in the hyperpolarized state (⫺150 mV).14 Our in vivo results for intrathecal amitriptyline are consistent with these in vitro data. For 0.5% amitriptyline, the duration of complete block was almost 2 times longer than that for 0.5% bupivacaine, and time to full recovery for 0.5% amitriptyline was almost 4 times longer than that for bupivacaine. Toxicity of Amitriptyline and Bupivacaine A major finding of this study is the narrow therapeutic ratio of intrathecal amitriptyline (i.e., breakdown of myelin) that was seen in some animals after administration of the relatively low concentration of 0.5% amitriptyline. One could argue that the sample size was small, so the significance of these results may be difficult to assess. Also, spinal roots in the rat are possibly more sensitive to amitriptyline’s toxic effects than are peripheral nerves or other tissues. However, amitriptyline also causes dose-dependent axonal degeneration when used for sciatic nerve block in rats at relatively low dosages.24 In addition, had we been using the more sensitive electron microscopy for histopathologic evaluation, even more degenerative changes would have been detected. Amitriptyline is minimally soluble in aqueous solutions, and solutions containing higher concentrations of the drug might have been suspensions. Clearly, this drug is inherently neurotoxic at higher concentrations, but whether drug precipitation produced additional tissue damage is unclear. Intrathecal administration of drugs can have pharmacological or toxic effects through actions on the spinal cord, the spinal nerves, the meninges, the blood vessels, or via other mechanisms. Our study did not attempt to explore the mechanism of this toxicity. In summary, we have shown that intrathecal amitriptyline, at low doses and high volumes, is more potent than the long-lasting local anesthetic bupivacaine. However, at higher doses, amitriptyline causes permanent neurologic deficit. Therefore, we caution against the use of amitriptyline in situations in which the drug is administered onto, or in the vicinity of, spinal-cord tissue because of significant neurotoxicity.
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