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KEY POINTS

e Nonsteroidal anti-inflammatory drugs remain the foundation for the successful manage-
ment of laminitis pain.

e Newer -2 agonists such as dexmedetomidine might not only provide strong analgesia,
but also have tissue-protective effects.

e Epidural analgesia not only involving caudal but also cervical epidural catheters offers a
new possibility for strong analgesia with fewer drug-related side effects.

INTRODUCTION, HISTORY, DEFINITIONS, AND BACKGROUND

Laminitis is inflammation and injury of the tissue between the hoof and the underlying
coffin bone that causes the interdigitating laminae of the hoof wall to separate. In se-
vere cases, laminitis can progress to founder, in which the injured tissue loses the abil-
ity to suspend the body weight of the horse within the hoof capsule and therefore the
hoof and coffin bone are separated. In these cases, the coffin bone generally rotates or
sinks, leading to severe pain. Therefore, one of the most important components in the
management of the laminitic patients is the control of pain and improved analgesic
therapy.

SYSTEMIC MANAGEMENT
Nonsteroidal Anti-inflammatory Drugs

The foundation of most therapeutic protocols for laminitis treatment has been and
continues to be the treatment with nonsteroidal anti-inflammatory drugs (Table 1).
Briefly, most NSAIDs act as nonselective inhibitors of the cyclo-oxygenase (COX)
enzymes. This inhibition is competitively reversible, as opposed to the mechanism
of aspirin, which causes irreversible inhibition." The COX catalyze the formation of
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Table 1

Dose recommendations for analgesic drugs systemically used for pain management in horses

with laminitis

Drug

Dose

Flunixin-meglumine

1.1 ma/kg IV/PO q12-24h (BID-SID)

Phenylbutazone

2.2-4.4 mg/kg IV/PO g12-24h (BID-SID)

Ketoprofen 2.2-3.6 mg/kg IV/IM g6-24h (QID-SID)
Meloxicam 0.6 mg/kg IV/PO g24 h (SID)
Firocoxibe 0.1 mg/kg PO g24 h (SID)

Detomidine 0.005-0.03 mg/kg IV/IM every 3-4 h

Dexmedetomidine

1.5-3.0 pg/kg IV/IM every 3-4 h
CRI at 0.75-1.8 pg/kg/h

Morphine 0.1-0.2 mg/kg IV/IM every 4-6 h
Methadone 0.1-0.2 mg/kg IV/IM g6h (QID)
Butorphanol 0.01-0. 4 mg/kg IV/IM every 2-3 h
CRI 15-25 pg/kg/h
Gabapentin 5-20 mg/kg PO q8-12h (TID-BID)
Lidocaine Bolus of 1.5 mg/kg over 10 min followed by 3 mg/kg/h
Ketamine 0.3-0.6 mg/kg/h IM/IV CRI

Routes and intervals of drug administration: 1V, intravenous; IM, intramuscular; PO, per os; SID,
once daily; BID, twice daily; TID, three times daily; QID, four times daily.

prostaglandins and thromboxane from arachidonic acid, which act as messenger mol-
ecules in the inflammatory process.

However, many aspects of the analgesic mechanism of NSAIDs remain unexplained
and, for this reason, additional COX pathways are hypothesized to be involved. The
COX-3 pathway was believed to explain this discrepancy; however, recent studies
make it seem unlikely that it plays any major role in humans and alternative explanation
models are proposed.?

NSAIDs interact with the endocannabinoid system and its endocannabinoids. COX-
2 has been shown to use endocannabinoids as substrates and may play a key role in
both the therapeutic and adverse effects of NSAIDs, as well as NSAID-induced pla-
cebo responses.®®

Evidence of increased COX expression, leukocyte migration, and cytokine produc-
tion in the developmental and acute phases of laminitis indicate that NSAID therapy is
most beneficial before the onset of lameness during the early (developmental) stages
of the disease. However, there is increasing evidence to suggest that commonly
administered NSAIDs such as phenylbutazone and flunixin meglumine do not only
mediate their effects through anti-inflammatory action in the affected tissues, but
also produce analgesia by the inhibition of central sensory neurons through COX-
dependent and other independent mechanisms.®°

Although NSAID administration in higher doses to achieve anti-inflammatory activity
is desirable in the early stage of laminitis, the pain relief from NSAIDs must be
balanced against the risks of exacerbated structural injury owing to excessive move-
ment and limb loading.®'° To avoid causing further injury, the dose should be titrated
based on the comfort level of the patient. In horses with chronic laminitis, effective
analgesia frequently calls for high doses of NSAIDs and an effect may still not be
seen for up to 3 days after the start of treatment.® This point must be considered
when assessing the clinical response to NSAIDs.
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The previously held belief that more COX-2—preferential or even —selective NSAIDS
are therapeutically superior has been recently challenged.’'~'® New data indicate that
the suppression of inflammation-evoked central nociceptive activity and hyperalgesia
by NSAIDs may be related to the selectivity for COX isoforms. COX-2 seems only to be
involved in the initiation, but not necessarily the maintenance, of nociceptive spinal
neuron activation, which may largely depend on COX-1."* Assuming that inflammation
is the common pathologic denominator in all forms of laminitis and therefore the
trigger for increased spinal sensory nerve excitability, these laboratory findings sug-
gest that nonselective NSAIDs are more effective for analgesic therapy in laminitis.

Owing to the complexity of laminitis pain and the potential side effects, multimodal
combinations based on NSAIDs combined with other analgesics (as discussed else-
where in this article) are recommended to achieve a decrease in NSAID dose require-
ments in individual cases at different stages of the disease, decreasing the risk of
NSAID-related side effects.

Opioids

Opioids are among the oldest drugs used to relieve pain. However, it is only recently
that the mechanisms underlying their analgesic actions have been better understood.
In the past 2 decades, huge advancements have been made in this field.

Opioid drugs mimic the actions of the endogenous opioid peptides by interacting
with specific receptors, the opioid receptors, to produce a variety of pharmacologic
effects. Currently, 3 distinct opioid receptor types, n (mu), 3 (delta), and k (kappa),
are recognized and all have recently been cloned.'® The u receptor is important in sen-
sory processing, including the modulation of nociceptive stimuli, extrapyramidal func-
tioning, and limbic and neuroendocrine regulation. There are 2 subtypes of the n
receptor, a high-affinity 1 receptor and a low-affinity u2 receptor.’® Two subtypes of
the & receptor and 3 subtypes of the k receptor have also been described.'® The
supraspinal mechanisms of analgesia produced by p opioid agonist drugs is thought
to involve the p1 receptor, whereas spinal analgesia, respiratory depression, and the
gastrointestinal effects of opioids are associated with the n2 receptor.

The opioid receptors are G-protein—coupled receptors that influence different sec-
ond messenger pathways.'® The actions of opioids are primarily inhibitory by closing
voltage-operated calcium channels and opening calcium-dependent potassium chan-
nels. This process results in the hyperpolarization and decrease in neuronal activity
and excitability.’” Opioids can also have excitatory effects involving both the disinhi-
bition of interneurons and direct excitation of neurons themselves. Nanomolar con-
centrations, acting via G proteins, stimulate adenylyl cyclase activity in certain
neurons.'® This process may be responsible for some responses to opioids, such
as excitement, aggression, paradoxic hyperalgesia, and pruritus.

Opioids selectively modulate the pain sensation carried by slowly conducting, un-
myelinated C fibers, but have little effect on sharp pain carried by small, myelinated
A3 fibers. In the dorsal horn, transmission of peripheral nociceptive signals via C fiber
neurons involves the presynaptic release of neuropeptides such as substance P, neu-
rokinin A, and glutamate. These neuropeptides bind to postsynaptic receptors, such
as AMPA and N-methyl-p-aspartate (NMDA) receptors, leading to depolarization
and changes in second messengers.'® Opioids also directly hyperpolarize the post-
synaptic membranes of dorsal horn neurons. They also interfere with the action of
prostaglandins at peripheral sites, and p agonists particularly inhibit prostaglandin
E2-induced hyperalgesia in a dose-dependent fashion.?°

The use, particularly the long-term use, of opioids in horses has been controversial
owing to the decrease in gastrointestinal motility commonly seen as a side effect,
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which may predispose horses to the development of abdominal pain (colic). The incor-
poration of opioid therapy into the regular management of laminitis is likely to require
the development and validation of novel agents in the horse.

a-2 Agonists

The primary mechanism of action of a-2 agonists is stimulation of presynaptic «-2
adrenoceptors in the central nervous system, activating inhibitory neurons that lead
to a decrease in sympathetic output via a negative feedback mechanism.?’

Through a second messenger cascade, the stimulation of «-2 adrenoceptors,
coupled with G-protein, leads to an inhibition of adenylate cyclase and subsequently
to an intracellular decrease in cyclic adenosine monophosphate. Activation of «-2
adrenoceptors leads to opening of potassium channels and the subsequent outflow
of potassium. This process causes hyperpolarization and makes the cell insensitive
to excitatory stimuli in the central and peripheral nervous systems.?? Further, it can
suppress the calcium influx at the voltage-dependent calcium channel of the terminal
nerve endings. The latter mechanism is responsible for the presynaptic inhibition of the
release of neurotransmitters such as noradrenaline (negative feedback).?®> The -2
adrenoceptors are found in both the central nervous system and peripheral tissues,
which explains the central analgesic effects as well as the peripherally mediated
side effects.?*

Dexmedetomidine is a highly selective a-2 agonist. There is increasing evidence
suggesting that dexmedetomidine has further organ-protective effects, including of
the kidney, brain, and heart®® A recently published study was able to demonstrate
that dexmedetomidine given to horses either before or after the occurrence of an
ischemic event significantly decreased small intestine injury.?®2” Although the protec-
tive mechanism of dexmedetomidine against ischemia-reperfusion injury remains un-
clear, it has been speculated that dexmedetomidine could have protective effects on
the lamellae in laminitic horses by decreasing the degree of ischemia induced
necrosis.

Gabapentin

Gabapentin was designed to mimic the neurotransmitter GABA. It does, however, not
bind to GABA receptors. Its mechanism of action as an antiepileptic agent involves the
inhibition of the a-2-delta subunit of voltage-gated calcium channels.?® In human med-
icine, gabapentin is recommended as a treatment for chronic neuropathic pain.?°-°

In horses, gabapentin has a relatively low oral bioavailability of approximately 16%
with an elimination half-life of about 8.5 hours.®' This property equals high dosages
and frequent application intervals are needed to maintain sufficient and constant
plasma levels. Horses tolerated dosages of up to 20 mg/kg gabapentin well and
showed only mild signs of sedation.®'

Published reports indicate good efficacy of gabapentin when used as an adjunctive
analgesic for the treatment of neuropathic pain such as laminitis.®? In contrast, in a
recently published study, gabapentin did not improve subjective or objective mea-
sures of lameness when administered to horses with chronic thoracic limb lame-
ness.>® The authors discussed that even higher oral doses than the 20 mg/kg and
longer treatment regimens of gabapentin may be necessary for the effective treatment
of chronic musculoskeletal pain in horses.

Ketamine

Ketamine is a phencyclidine derivative that was developed in the 1960s as an anes-
thetic agent. The most important pharmacologic properties of ketamine are its
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function as a noncompetitive N-methyl-p-aspartate receptor antagonist, and its anal-
gesic action at subanesthetic dose is believed to be primarily owing to the N-methyl-p-
aspartate receptor antagonism in the brain and spinal cord.3* Ketamine also interacts
with other receptors and channels, including nicotinic and muscarinic acetylcholine
receptors, opioid receptors, monoaminergic receptors, and voltage-sensitive sodium
channels.®®

Further, ketamine has anti-inflammatory effects, modulating the production of
different proinflammatory mediators. A recent study using a rabbit model of gonarth-
rosis (arthritis of the knee) found that ketamine suppressed the inflammatory response
in osteoarthritis,*® whereas a systematic review concluded that intraoperative keta-
mine reduces the postoperative IL-6 inflammatory response in surgical patients.®”

Ketamine has been used in horses to treat chronic and acute pain. Dosages of up to
0.5 mg/kg as a bolus or 1 mg/kg/h as a continuous infusion have shown to have anti-
nociceptive effects in horses without causing significant side effects or ataxia.®®°
Although the analgesic effects of ketamine as a sole agent are limited, it has been
shown to induce analgesia when used in subanesthetic doses in horses with chronic
laminitis.*° For this reason, ketamine can be combined with other drugs such as a-2
agonists and/or opioids as part of a multimodal analgesic approach.

Lidocaine

The systemic administration of the local anesthetic lidocaine has been shown to be
antinociceptive in both acute and chronic pain states, especially in acute postopera-
tive and chronic neuropathic pain. These effects cannot be explained by its voltage-
gated sodium channel blocking properties alone. The responsible mechanisms remain
elusive with multiple theories proffered in the literature.

Several in vitro studies confirmed that lidocaine inhibits GABA release and GABA-
induced chloride currents.**? In contrast, in vitro lidocaine potentiates GABA-
mediated chloride currents by inhibiting GABA uptake.*® This factor may explain the
antinociceptive effects of lidocaine, given that other GABA uptake inhibitors, such
as tiagabine, have well-documented beneficial effects in chronic pain.**

Neuroinflammation is associated with the induction and maintenance of chronic
pain with non-neuronal cells playing a key role.*® The activation and infiltration of
leucocyte-activated glial cells and the production of inflammatory mediators both
drive inflammatory signaling cascades that lead to the activation of nociceptors. Lido-
caine affects inflammatory cells in vitro in many ways,“®*” including the inhibition of
priming of human peripheral polymorphonuclear cells or neutrophils.*®“° Lidocaine
can furthermore reduce the release of mediators of inflammation, such as IL-4, IL-6,
and tumor necrosis factor-o.5°°4

Another explanation of the analgesic properties of systemic lidocaine is that lido-
caine inhibits dose-dependent nitric oxide production.®® Furthermore, it inhibits induc-
ible nitric oxide synthase, possibly by a mechanism involving voltage-gated sodium
channels.>® More recently, suppression of L-arginine uptake was shown to underlie
the inhibitory effects of lidocaine on nitric oxide synthesis.®” Lidocaine also inhibits
the tumor necrosis factor-a—induced activation of endothelial nitric oxide synthase
in lung microvascular endothelial cells, which prevents nitric oxide production and
further propagation of inflammatory signaling.*®

Amitriptyline

Amitriptyline is a tricyclic antidepressant. The efficacy of tricyclic antidepressants to
relieve neuropathic pain first emerged from observations in depressed patients
treated with imipramine.®® Since the 1980s, clinical trials have confirmed the benefit
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of amitriptyline to relieve postherpetic neuropathic pain and painful diabetic polyneur-
opathy.° This effect occurs independently from the presence of a depressive syn-
drome.®" Moreover, the relief of neuropathic pain may also be observed without
modification of the depression scores,®? and at lower doses than necessary to treat
major depression. Unlike classical analgesics, the effect of antidepressants on neuro-
pathic pain is observed after prolonged treatment, suggesting the involvement of
neuronal plasticity; however, no evidence of a dose-response effect could be shown.
In human medicine, the described side effects from therapy with amitriptyline are
drowsiness, dizziness, dry mouth, constipation, nausea, urinary retention, sweating,
headache, blurred vision, palpitations, irritability, and ataxia. There are currently no
studies in horses demonstrating the efficacy of amitriptyline in laminitis.

Soluble Epoxide Hydrolase Inhibitor

Among the novel anti-inflammatory and analgesic medications under investigation, a sol-
uble epoxide hydrolase inhibitor has shown some promising results. Cytochrome P450
epoxygenases mediate a relatively unexplored pathway of arachidonic acid by which
endogenous bioactive lipids, known as epoxy fatty acids, are produced.®® A downstream
enzyme, soluble epoxide hydrolase, metabolizes the epoxy fatty acids into the corre-
sponding diols.®* The diols are less active or inactive in terms of antinociception.®® It
has been shown that pharmacologic inhibition of soluble epoxide hydrolase results in sta-
bilization of epoxy fatty acids and antinociceptive effects more significantly than after
treatment with COX inhibitors, opioids, or gabapentin.®® In the spinal cord, soluble
epoxide hydrolase inhibition results in epoxy fatty acid-mediated downregulation of
COX-2 transcription and rapid upregulation of the acute neurosteroid-producing gene
in the presence of elevated cyclic adenosine monophosphate levels, which then results
in neurosteroid production and analgesia via GABA channels.®® The arachidonic acid—
derived epoxy fatty acids also produce analgesia via activation of B-endorphin and
met-enkephalin in the ventrolateral periaqueductal gray matter.” In peripheral neurons,
soluble epoxide hydrolase inhibitors decrease endoplasmic reticulum stress, resulting in
the amelioration of neuropathic pain more efficiently than gabapentin.®®

A recent study reported that soluble epoxide hydrolase activity was significantly
increased in horses with active chronic laminitis compared with healthy horses. Addi-
tionally, it was shown that several inhibitors designed to inhibit the human enzyme are
also active against equine soluble epoxide hydrolase.®® Adjunct therapy with 4-(4-(3-
(4-trifluoromethoxy-phenyl)ureido)cyclohexyloxy)benzoic acid (t-TUCB), a potent
pharmacologic epoxide hydrolase inhibitor, in horses with severe chronic laminitis
resulted in mild to moderate, statistically significant decreases in thoracic limb lifts
and pain scores, suggesting that t-TUCB helped to control the pathologic pain asso-
ciated with laminitis.”® These results reason for a role of endogenous bioactive lipids in
laminitis pain signaling and support the further exploration into manipulating these
molecules, via soluble epoxide hydrolase inhibition or other strategies, as an addi-
tional therapeutic approach for laminitis.

LOCAL THERAPEUTIC OPTIONS
Caudal Epidural Catheter

Epidural analgesia is the administration of opioids and/or local anesthetics into the
epidural space and can be used to manage pain in equine patients on a short-term
(hours to days) or long-term (weeks) basis (Table 2). For longer term management,
the placement of a caudal epidural catheter can be beneficial for repeated administra-
tion of analgesic drugs.
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Table 2
Dose and volume recommendations for analgesic drugs epidurally delivered used for pain
management in horses with laminitis

Drug Volume Duration
Caudal epidurally administered

Xylazine 0.18 mg/kg + morphine 0.2 mg/kg gs 0.1-0.2 mL/kg bwt 8-12h
Cervical epidurally administered

Morphine 0.1 mg/kg gs 0.01 ml/kg bwt®' 12h

Abbreviations: bwt, body weight; gs, at hour of sleep.

The placement of caudal epidural catheters in horses for the long-term management
of moderate to severe pain showed good results and has been described since the
early 1980s.”" A retrospective study looking at outcome in 50 cases of caudal epidural
catheter placement in horses indicated that epidural catheterization can be used suc-
cessfully for the repeated epidural delivery of analgesics and anesthetics in horses
with various clinical conditions. Complications associated with epidural catheters or
epidural drug administration were infrequent and transient in this study.”?

The recommended caudal epidural protocols are not only dose but also volume
dependent regarding the localization of pain and the size of the horse. Morphine is
commonly used and often combined with an «-2 agonist such as xylazine to increase
duration of action from 8 to 10 hours to 12 to 16 hours.”"* Although pelvic limb anal-
gesia is often reliably achieved using a dose of 0.1 to 0.2 mg/kg morphine in an
injected volume of 0.05 to 0.10 mL/kg bodyweight, the analgesic efficacy of caudal
epidurally administered morphine is less reliable and requires higher injectate volumes
of up to 0.2 mL/kg bodyweight in cases with moderate to severe thoracic limb pain.

Cervical Epidural Catheter

Recently, the use of a new epidural analgesic technique was described. Cervical
epidural analgesia has been used in human medicine to treat neck disease and
pain.”® In horses, the use of caudal epidural analgesia is more established and
described, but particularly thoracic limb pain treatment can be challenging with caudal
epidural analgesia.

Hurcombe and colleagues’® described the placement of cervical epidural and intra-
thecal catheters in healthy horses. This technique requires more advanced equipment,
such as ultrasound and radiography, to confirm the anatomic location of the catheters.
However, all horses tolerated the catheter placement well for the duration of the study,
with no signs of discomfort, and cerebrospinal fluid parameters did not change over
the study period. Ongoing research is currently evaluating the antinociceptive effects
of cervical epidural morphine in horses and the preliminary results are encouraging
with morphine providing long-lasting and reliable antinociception. Low volumes and
dosages of morphine (0.10 mg/kg morphine gs to 0.01 mL/kg) confirmed effective
and long-lasting analgesia of the thoracic limb for up to 16 hours.

Long-term Local Blocks

One safe way to provide analgesia of the distal limb is the use of local anesthetic drugs
and nerve blocks. The main limitation for nerve blocks is often the relatively short dura-
tion of action of only a few hours for most local anesthetic drugs, making repeated in-
jection necessary for longer lasting analgesia and anesthesia. Bupivacaine is one of
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the longest-acting local anesthetic drugs, but its duration of action is generally consid-
ered to be 6 to 8 hours.”” An extended-release formulation of the local anesthetic
bupivacaine (Exparel; Pacira Pharmaceuticals) became available for humans in
2011, and its counterpart (Nocita; Elanco) was recently approved for use in dogs
and cats. A pilot study in small animals showed that a single injection of this bupiva-
caine formulation provides analgesia for up to 72 hours.”® This drug may, therefore,
have clinical application in addressing the unmet need for effective and long-lasting
local analgesia in horses.

Studies in horses, however, showed mixed results. In a recently published study,
the perineural injection of liposomal bupivacaine meaningfully increased the mechan-
ical nociceptive threshold of the digit but lasted only for 30 minutes to 4 hours after
injection.”® The reasons for the differences in duration between small animals and
horses remain unclear.

Another way for long-term local blockage is the placement of perineural catheters.
Continuous peripheral nerve block is a method that has long been used with good suc-
cess in human medicine to treat patients suffering from severe extremity pain. The
method entails the continuous infusion of local anesthetics via catheters placed along-
side peripheral nerves and has been shown to provide better pain control with fewer
side effects than systemic analgesics, to improve functional recovery, and to shorten
hospital stay. A recent article described a technique for placing continuous peripheral
nerve block catheters adjacent to palmar nerves in horses and to evaluate the effect of
low-volume local anesthetic infusion on nociception in the distal equine thoracic
limb.8° Despite the successful placement of these catheters and their efficacy to pre-
vent response to noxious stimuli, the authors further reported significant limb swelling
and edema formation within 1 to 2 days during lidocaine or mepivacaine infusion. At
this point, the use of these catheters is therefore clinically limited.

SUMMARY

One of the greatest challenges in managing laminitis in horses remains the control of pain.
Currently, the best analgesic approach is multimodal with a combination of systemic pro-
tocols including NSAIDs, opioids and/or constant rate infusions of a-2 agonists, keta-
mine, and lidocaine. Newer literature indicates that the use of amitriptyline and soluble
epoxide hydrolase inhibitor might be beneficial. Clinically evidenced-based, large studies
are needed to demonstrate if they have a place in laminitis pain management.

The systemic pain control can be combined with local techniques such as long-
lasting local anesthetics or various techniques of epidural catheterization that allows
for administration of potent analgesic therapy with a lower risk of negative side effects.

CLINICS CARE POINTS

o NSAIDs are still the foundation for successful management of foot pain.

e Newer a-2 agonists such as dexmedetomidine may not only provide strong analgesia, but
also have tissue-protective effects.

e Epidural analgesia as well as caudal and cervical epidural catheters offer a new clinical option
for effective analgesia with less drug-related side effects.
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