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PAMELA WALL STEEN 
Neutrophils In The Injured Taste System 
(Under the direction of L YNNETTE MCCLUSKEY) 

Taste buds on the anterior tongue are bilaterally innervated by the chorda 

tympani (CT) nerve. Upon unilateral CT section, ipsilateral taste buds 

degenerate. This injury elicits an activated macrophage response that peaks 

within two days. However, dietary sodium restriction prevents the macrophage 

response to injury. The same ·dietary treatment alters neural taste responses in 

the uninjured CT. Rats receiving a sodium-restricted diet display reduced 

sodium responses in the contralateral; intact CT nerve at day 4 post-section. We 

hypothesized that the immune response to CT section mediates early functional 

changes on the intact side of the tongue. Taste responses in the intact CT nerve 

had not been examined prior to day 4 after injury. Therefore, responses were 

recorded from the uninjured CT nerVe at.days 1-4 post-section. At day 1, sodium 

responses were subnormal, but recovered to normal levels at day 2 post-injury. 

In contrast, taste responses to sodium remained subnormal in sodium-restricted 

rats. Since neutrophils are typically the first immune cells to invade after injury, 

we examined their response to CT nerve section. Neutrophils were increased at 

12 hours post-section. AI day 1, the neutrophil response began to decrease in 

animals fed a normal diet. Yet, dietary sodium restriction augmented and 

prolonged the neutrophil response to injury. the timing and magnitude of the 

neutrophil response paralleled the decrease in sodium taste responses. We 

hypothesized that neutrophil-derived factors induce deficits in taste function. 



Depletion of neutrophils restored normal sodium responses in the intact CT nerve 

at day 1 post-section. These studies demonstrate that neutrophils are 

detrimental to normal taste function after neighboring neural injury. Defining 

early immune responses to injury in the peripheral taste system, which does 

regenerate, may provide insight to immune deficiencies in systems that fail to 

recover after injury. 

INDEX WORDS: Chorda Tympani Nerve, Neural Plasticity, Neutrophil, 

Neutrophil Depletion, Dietary Sodium Restriction, Neurophysiology 
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I. INTRODUCTION 

A. Statement of the problem and specific aims of the overall project. 

In the peripheral nervous system (PNS), injured nerves regenerate and regain 

function. However, in the central nervous system (CNS), regeneration is limited 

and function is generally lost. The ability of the PNS to regenerate and the lack 

of regeneration in the CNS is partly attributed to differences in the immune 

response to injury (David and Ousman, 2002; Stoll and Muller, 1999). Within the 

PNS, nerve injury initiates a process called Wallerian degeneration (Stoll and 

Muller, 1999). This process results in the breakdown and clearance of axon and 

myelin debris and stimulates Schwann cell proliferation to aid in nerve 

regeneration. Successful Wallerian degeneration is dependent on macrophage 

infiltration (Bruck et al., 1995). Macrophages enter injured tissue and begin to 

phagocytize and clear debris. They also secrete cytokines such as tumor 

necrosis factor (TNF-a), interleukin-1a (IL-1a), and IL-1J3, which augment the 

immune response to nerve injury (Shamash et al., 2002). Depletion or inhibition 

of macrophage infiltration after nerve injury results in delayed Wallerian 

degeneration (Bruck et al., 1996; Dailey et al., 1998). In contrast to the PNS, 

Wallerian degeneration does not progress efficiently after CNS injury. 

1 



2 

This deficiency has been attributed to reduced macrophage recruitment (George 

and Griffin, 1994; Perry et al., 1987). As a result, myelin debris and signals that 

inhibit axon growth remain, and regeneration is unsuccessful. 

Neutrophils also respond to injury in the PNS and CNS. However, they do 

not appear to have a significant role in Wallerian degeneration. Instead, 

neutrophils have been shown to induce neuropathic pain and neuronal cell death 

(Bethea and Dietrich, 2002; Dinkel et al., 2004; Nguyen et al., 2007; Saab et al., 

2008; Shaw et al., 2008). Neutrophils exert their damaging effects through 

release of matrix metalloproteinases (MMPs), reactive oxygen species (ROS), 

and TN F-a, (Nguyen et al., 2007). However, it is unclear if these mediators affect 

neurons directly or via non-neuronal cells that release additional mediators 

(Moalem and Tracey, 2006). Interestingly, spinal nerve injury results in 

phenotypic and functional changes in nearby uninjured spinal nerves, which are 

thought to contribute to neuropathic pain. These changes are characterized by 

increased spontaneous activity, increased a-adrenergic sensitivity, and 

redistribution of the sodium channel isoform, Nav1.8 (Ali et al., 1999; Gold et al., 

2003; Wu et al., 2001 ). II is proposed that the immune response to injury initiates 

these changes in the uninjured nerves (Wu et al., 2001). Immune cells can exert 

both beneficial and detrimental effects on injured tissue. This dichotomy in 

behavior demonstrates the complex interactions between infiltrating immune cells 

and the nervous system. As a result, the interaction between neurons and 

leukocytes is not completely understood. 
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In the peripheral taste system, innervation of fungiform taste buds is 

bilateral. There are two distinct sensory afferent nerves, the chorda tympani 

(CT), that innervate taste buds on separate sides of the tongue. CT section 

results in degeneration of taste buds (Cheal and Oakley, 1977; Guth, 1971; 

Olmsted, 1921 ). Following CT section, dietary sodium restriction results in 

altered function in the regenerated and intact CT nerves (Hill and Phillips, 1994). 

Shortly after CT section, taste function is subnormal in the intact CT nerve, but 

increases linearly during the following weeks until becoming hypersensitive (Hill 

and Phillips, 1994). There are no known efferent impulses to the taste buds 

(Farbman and Hellekant, 1978) or neural connections across the midline of the 

tongue (Kinnman and Aldskogius, 1988). Therefore, immune factors may 

mediate early functional changes in the taste system. Recent studies have 

demonstrated that after CT section the lingual macrophage response is 

increased within 24 hours post-section and peaks after 48 hours (Cavallin and 

McCluskey, 2005; McCluskey, 2004). Interestingly, the macrophage response is 

inhibited by dietary sodium restriction. Thus, it is hypothesized that increased 

macrophage infiltration contributes to early functional changes in the intact CT 

nerve during the peak macrophage response. Currently, the function of the intact 

CT nerve has not been examined prior to day 4 post-section. Therefore, it is 

unknown if the function of the intact CT is altered at day 2, during the peak 

macrophage response. In addition, the neutrophil response to CT section is 

unknown. Yet, neutrophils typically respond to injury prior to macrophage 
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infiltration and may contribute to altered function in the intact CT nerve (Nathan, 

2006). Since both macrophages and neutrophils respond to nerve injury in other 

systems, but exert different effects, it is of interest to investigate the role of these 

immune cells in taste function and determine if the immune response to CT 

section is responsible for functional changes in the intact CT nerve. 

Specific Aim 1: To determine the early time course of functional alterations in the 

intact CT of rats receiving unilateral CT section and dietary sodium restriction. 

The lingual macrophage response to nerve injury is rapid. However, the 

functional response of the intact CT nerve is unknown at early time points. This 

study will determine when changes in taste function occur. 

Specific Aim 2: To test the hypothesis that the neutrophil response to CT section 

is augmented by dietary sodium restriction. In other models of nerve injury, 

neutrophil infiltration precedes the macrophage response. Macrophages then 

induce neutrophil apoptosis. In sodium restricted animals, the macrophage 

response to injury is inhibited. Therefore, we propose that the neutrophil 

response to injury is increased. 

Specific Aim 3: To test the hypothesis that the increased neutrophil response to 

injury leads to subnormal function from the intact CT nerve in rats treated with CT 

section and dietary sodium restriction. The presence of neutrophils after nerve 

:. 
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injury has detrimental effects in other systems. Thus, we propose that neutrophil 

depletion restores normal taste function. 



I. INTRODUCTION 

B. Brief literature review and discussion of the rationale of the project. 

Functional anatomy of the peripheral taste system. The peripheral taste 

system includes taste buds present in the lingual epithelium, palate, pharynx, 

epiglottis, and larynx (Nelson, 1998). Taste buds are composed of 50-100 

spindle-shaped taste cells that contain receptors, which allow for transduction of 

different taste stimuli into neural impulses. Taste buds are present within 

protrusions of the epithelium called papillae. Within the lingual epithelium, 

several different types of papillae exist. Fungiform papillae are present on the 

anterior two-thirds of the tongue and are innervated by the CT nerve (Witt et al., 

2003) (Figure 1). The CT is a branch of the facial nerve and its cell bodies are 

located in the geniculate ganglion (Hill, 2004). Circumvallate papillae are on the 

posterior portion of the tongue and contain the majority of taste buds. These 

taste buds are innervated by the glossopharyngeal nerve whose cell bodies are 

located in the petrosal ganglion. Foliate papillae are located on the lateral 

regions of the tongue and are innervated by both the CT and glossopharyngeal 

nerves. Innervation of the lingual epithelium is bilateral and transmits gustatory 

information to the nucleus of the solitary tract (NST) which is the first relay of the 

central taste pathway. 

6 
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Figure 1 The anatomy of the peripheral taste system. The CT nerve innervates 

taste buds in fungiform papillae and the anterior foliate papillae. The 

glossopharyngeal (GP) nerve innervates taste buds in the circumvallate papillae 

and posterior foliate papillae. The greater superficial petrosal (GSP) nerve 

innervates the soft palate and the nasoincisor duct. The cell bodies of the CT 

and GSP are in the geniculate ganglion. The cell bodies of the GP nerve are in 

the petrosal ganglion. All three nerves project to the NST. (Hill, 2004) [Figure 1 

was used with permission] 
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Functional plasticity in the peripheral taste system. Fungiform taste buds 

are trophically maintained by innervation of the CT nerve, which transmits 

gustatory signals to the central nervous system. After CT section, the injured 

nerve and innervated taste buds degenerate (Cheal and Oakley, 1977; Guth, 

1971; Olmsted, 1921 ). However, both the CT and taste buds regenerate, and 

normal taste function is restored 40-45 days post-section in rats (Hill and Phillips, 

1994). Normally, taste receptor cells are renewed approximately every 10 days 

(Beidler and Smallman, 1965). The CT nerve must constantly identify and form 

synapses with newly differentiated taste receptor cells. Thus, neural plasticity is 

intrinsic to the taste system. 

Functional plasticity is also present during normal taste maturation. 

Although sodium is essential for life, CT responses to sodium are low at birth and 

gradually mature from 15-45 days of age in rats (Ferrell et al., 1981; Hill and 

Almli, 1980; Hill et al., 1982). In contrast, responses to other taste stimuli are 

adult-like at birth. Interestingly, sodium response development is inhibited if 

dietary sodium is restricted. Adult rats fed a low sodium diet (0.03% vs. 1%) from 

early embryonic development to adulthood demonstrate reduced sodium 

responses (Hill, 1987; Hill et al., 1986; Hill and Przekop, 1988). Thus, dietary 

sodium restriction during development prevents normal maturation of the taste 

system. 

In adult rats, CT section and dietary sodium restriction results in functional 

plasticity similar to that observed in developmental studies. Unilateral CT section 

combined with dietary sodium restriction causes reduced sodium responses from 
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the regenerated CT nerve (Hill and Phillips, 1994). In addition, the uninjured CT 

nerve initially demonstrates reduced sodium responses (Hendricks et al., 2002; 

Hill and Phillips, 1994; Phillips and Hill, 1996; Wall and McCluskey, 2008). 

However, responses increase linearly over the next 50 days, ultimately becoming 

hypersensitive (Hill and Phillips, 1994; McCluskey and Hill, 2002). Functional 

changes in the intact CT are not dependent on regeneration from the 

contralateral, injured CT nerve (Hill and Phillips, 1994). These studies suggest 

that neural injury combined with dietary sodium restriction can induce functional 

plasticity in the adult peripheral taste system. 

The immune response to injury in the peripheral taste system. The 

underlying mechanism responsible for decreased taste function in CT sectioned 

and sodium restricted rats is unknown. However, several studies suggest that 

the immune system influences taste responses. Since dietary restrictions are 

known to inhibit the immune system (Latshaw, 1991; Pimentel and Cook, 1987), 

several studies have examined the immune response after injury in the taste 

system. Lipopolysaccharide (LPS) is an endotoxin present on the outer 

membrane of Gram-negative bacteria that stimulates the innate immune system, 

specifically monocytes and macrophages (Guha and Mackman, 2001 ). 

Treatment with lipopolysaccharide restores normal sodium responses from the 

intact CT nerve in rats treated with CT section and dietary sodium restriction 

(Phillips and Hill, 1996). In addition, thermal injury to the tongue or sectioning of 

different gustatory nerves combined with dietary sodium restriction results in 

reduced sodium responses (Hendricks et al., 2002). These experiments suggest 
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that local injury to the tongue stimulates the immune system and results in the 

release of immune factors that affect taste transduction. 

Examination of specific immune cell populations that respond to CT 

section revealed that lingual macrophages are increased on the cut side of the 

tongue within 24 hours after injury (McCluskey, 2004). At day 2 post-section, the 

macrophage response is significantly increased on both the cut and intact sides. 

The macrophage response begins to decrease at day 3. By day 5, it returns to 

baseline levels. Macrophages are present in the lamina propria and in the 

fungiform papillae near the taste buds on both sides of the tongue. Interestingly, 

the macrophage response is inhibited by dietary sodium restriction, but restored 

if animals are treated with LPS (Cavallin and McCluskey, 2005). LPS rescues 

the macrophage· response to injury in the presence of dietary sodium restriction 

on both sides of the tongue. As mentioned, LPS also restores normal taste 

function in animals treated with CT section and dietary sodium restriction (Phillips 

and Hill, 1996). Therefore, macrophages may be essential for maintaining normal 

taste function. Other immune cells including aj3 and yo T cells are not increased 

after CT section (McCluskey, 2004). These studies indicate that the immune 

response to injury influences taste function and specifically, that macrophages 

may help maintain normal taste function in the presence of lingual injury. 

In response to nerve injury, infiltrating macrophages are proposed to 

release cytokines that alter the expression and/or function of epithelial sodium 

channels (ENaC) present on taste receptors cells (McCluskey, 2004). These 

channels are responsible for sodium transduction in the peripheral taste system 
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(Brand et al., 1985; DeSimone and Ferrell, 1985; Heck et al., 1984; Lin et al., 

1999), and the presence of macrophage-derived factors may help maintain 

normal sodium responses after CT nerve injury. The proposed, beneficial effects 

of macrophages are contrasted with those of the neutrophil response. In other 

models of nerve injury, the effect of neutrophils is harmful (Brandt et al., 2006; 

Neufeld et al., 2002). Therefore, neutrophil-derived factors may promote 

reduced sodium responses by decreasing the function and/or expression of 

epithelial sodium channels. 

Neutrophils and peripheral nerve injury. Neutrophils are phagocytic cells that 

are associated with the innate immune response. After injury, they are one of the 

first subsets of immune cells to respond and can release cytokines, such as 

cathepsin G, macrophage inflammatory protein-1a (MIP-1a), and MIP-113, that 

attract monocytes and dendritic cells (Nathan, 2006). Neutrophils also release 

factors that affect B cell maturation and proliferation, and T cell differentiation. 

Thus, neutrophils influence both the innate and adaptive immune response. In 

addition, neutrophils release a variety of microbicidal molecules located in 

cellular compartments called granules. These granules are classified based on 

the molecules they contain and the order in which they are discharged. Specific 

(secondary) and tertiary granules are discharged first, and they contain 

lactoferrin, lysozyme, lipocalin, and MMPs. The azurophilic (primary) granules 

are released last and contain a-defensins and myeloperoxidase (Nathan, 2006). 

The ultimate function of these molecules is to kill invading pathogens. 
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The neutrophil response to sciatic nerve injury occurs within 24 hours 

(Perkins and Tracey, 2000). However, the role of neutrophils in peripheral nerve 

injury is not fully understood. Unlike macrophages, which clear debris and 

promote regeneration, neutrophils appear to decrease neuronal viability and 

contribute to neuropathic pain (Perkins and Tracey, 2000; Shaw et al., 2008). 

Neuropathic pain is defined as the perception of benign stimuli as painful 

(allodynia), increased sensitivity to painful stimuli (hyperalgesia), and 

spontaneous pain (Moalem and Tracey, 2006). Co-culture of neutrophils with 

dorsal root ganglia (DRG) induce release of MMPs, reactive oxygen species 

(ROS), and TNF-a (Nguyen et al., 2007). These factors are neurotoxic and result 

in neuronal cell Joss. Neutrophils are also associated with hyperalgesia and 

allodynia in models of nerve injury (Ciatworthy et al., 1995; Perkins and Tracey, 

2000). After partial sciatic nerve transection, neutrophil depletion significantly 

reduces hyperalgesia (Perkins and Tracey, 2000). Yet, the mechanism by which 

neutrophils induce neuropathic pain is uncertain. It is known that TNF-a induces 

hyperalgesia after spinal nerve ligation (Murata et al., 2006; Schafers et al., 

2003). Thus, the release of TNF-a from infiltrating neutrophils may contribute to 

neuropathic pain. In addition, neutrophils induce damaging effects in the CNS. 

After spinal cord injury, neutrophils are associated with increased motor 

disturbances, and neutrophil depletion attenuates motor disturbances (Taoka et 

al., 1997). Therefore, the neutrophil response to injury appears to be harmful for 

both the PNS and CNS. 
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Macrophages and peripheral nerve injury. Macrophages are an important 

component of both the innate and adaptive immune response. As part of the 

innate immune system, macrophages infiltrate infected and/or injured tissue and 

phagocytize debris (Janeway et al., 2001). In the adaptive immune system, 

macrophages function as antigen-presenting cells (APC), which engulf bacteria 

and viruses and present them to T cells. In addition, macrophages can regulate 

the production of other immune cells in the bone marrow, specifically neutrophils 

(Stark et al., 2005). 

Shortly after injury in the PNS, the process of Wallerian degeneration 

begins. This process includes degeneration of axons distal to the site of injury 

and clearance of both axonal and myelin debris. Upon nerve injury, Schwann 

cells associated with injured fibers begin to release leukemia inhibitory factor 

(LIF), IL-6, IL-113, TNF-a, IL-8, and monocyte chemoattractant protein-1 (MCP-1) 

(Kurek et al., 1996; Rutkowski et al., 1999; Tofaris et al., 2002; Wagner and 

Myers, 1996), which promote leukocyte infiltration from the circulation and 

differentiation. Macrophages arrive at the distal stump within 2 days post-injury 

and begin to phagocytize debris. In addition, macrophages release cytokines 

that promote proliferation of Schwann cells, which remyelinate regenerated 

axons. After cellular debris is removed, Schwann cells align to form bands of 

BOngner that are guidance cues for regenerating axons. Ultimately, the 

regenerated nerves regain function. 

Injury to the PNS combined with macrophage depletion or inhibition 

results in reduced myelin clearance and delayed regeneration (Bruck et al., 1996; 
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Dailey et al., 1998). In addition, the mouse mutant C57BU01a demonstrates 

slow Wallerian degeneration characterized by their reduced macrophage 

infiltration and Schwann cell proliferation. (Brown et al., 1992; Bruck et al., 1995). 

As a result, Wallerian degeneration progresses slowly. In contrast to the PNS, 

macrophages are not sufficiently recruited to nerve injury in the CNS, and 

macrophages that do infiltrate are not stimulated to remove debris (Hirschberg 

and Schwartz, 1995; Lazarov-Spiegler et al., 1996). Thus, inadequate 

macrophage recruitment to injury in the CNS and PNS contributes to the inability 

of injured nerves to regenerate. 

The effect of nutritional deficiencies on the immune system. Injury to the 

taste system alone does not result in functional plasticity. Gustatory nerve injury 

combined with dietary sodium restriction results in decreased taste function (Hill 

and Phillips, 1994). In addition to decreased taste function, the lingual 

macrophage response is also reduced (Cavallin and McCluskey, 2005; 

McCluskey, 2004). However, the underlying mechanism by which dietary sodium 

restriction exerts an effect on the immune system is unknown. Animals treated 

with CT section and dietary sodium restriction demonstrate reduced expression 

of vascular cell adhesion molecule-1 (VCAM-1), a signal present on the 

endothelium that promotes recruitment of monocytes out of circulation and into 

injured or inflamed tissue (Cavallin and McCluskey, 2007). Also, reduced 

extracellular sodium can alter calcium influx within leukocytes resulting in 

reduced cellular secretions (Rumpel et al., 2000). Thus, dietary sodium 

restriction may inhibit the immune response to injury by inhibiting signals that 
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attract monocytes out of the circulation and inhibiting the release of cytokines to 

promote the immune response. Ultimately, these changes result in altered taste 

function. 

Nutritional deficiencies can induce significant changes in many aspects of 

both the innate and adaptive immune response to infection. Macronutrient 

(protein) and micronutrient (vitamin) deficiencies have a variety of inhibitory 

effects on immune cell populations which ultimately make the host susceptible to 

disease. Animals fed a sodium chloride restricted diet have an inhibited adaptive 

immune response (Pimentel and Cook, 1987). Protein-calorie malnourishment in 

animals inhibits the macrophage response to immunological challenges (Bhuyan 

and Ramalingaswami, 1973). Macrophages from malnourished animals also 

demonstrate reduced production of TN F-a, IL-6, and transforming growth factor

beta (TGF-13) (Dai and McMurray, 1998; Fock et al., 2007). In addition, they have 

altered intracellular calcium flux and tyrosine kinase phosporylation (McCarter et 

al., 1998). Neutrophils demonstrate reduced production of MMP-8 during the 

initial stages of protein malnourishment in animals (Kozaci et al., 2005), and 

dendritic cell function is impaired (Niiya et al., 2007). In protein-malnourished 

children, CD4+ and cos+ cells produce reduced amounts of IL-1 and interferon

gamma (IFN-y) compared to well-nourished children (Rodriguez et al., 2005). 

Intrauterine malnourisment can also affect the immune system. In rats, 

intrauterine malnourishment results in offspring with reduced expression of P

selectin and intracellular adhesion molecule-1 (ICAM-1 ), which results in reduced 
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leukocyte extravasation (Landgraf et al., 2005). Thus, malnutrition has 

detrimental effects during both development and adulthood. 

In the taste system, intrauterine protein-calorie malnourishment inhibits 

the development of sodium responses from the CT nerve (Thomas and Hill, 

2005). Interestingly, similar results are also observed when a sodium-restricted 

diet is initiated during embryonic development (Hill and Przekop, 1988; Przekop 

et al., 1990). Thus, dietary sodium restriction may affect immune function at both 

adulthood and development. 

The effect of injury on intact neurons. Injury in the peripheral nervous system 

often results in chronic neuropathic pain that can be debilitating for many 

individuals. The etiology of neuropathic pain is incompletely understood, 

therefore treatments to alleviate the symptoms have been mostly unsatisfactory. 

Spinal nerve ligation is a popular of neuropathic pain. In this model, one spinal 

nerve is ligated and injured, and the surrounding spinal nerves remain uninjured. 

Following spinal nerve ligation, both injured and uninjured nerves contribute to 

neuropathic pain. Uninjured nerves evoke mechanical and cold sensitivity 

whereas injured nerves induce a broad range of neuropathic pain (Yoon et al., 

1996). Uninjured nerves also demonstrate increased spontaneous activity after 

spinal nerve ligation (Ali et al., 1999; Wu et al., 2001) which is associated with 

neuropathic pain. The increase in spontaneous activity may be the result of 

changes in channel and receptor expression on the uninjured nerves. In models 

of spinal nerve ligation, undamaged nerves have increased expression of the 

vanilloid receptor 1 (VR1), a channel sensitive to noxious stimuli (Hudson et al., 
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2001), p75 neurotrophin receptor (p75NTR) which promotes Trk signaling that 

induces thermal hypersensitivity (Obata et al., 2006), and calcitonin gene-related 

peptide (CGRP), a neuropeptide which may induce hyperalgesia (Fukuoka et al., 

1998). In addition, uninjured C-fibers are more tetrodotoxin-resistant after spinal 

nerve ligation. This resistance is associated with increased expression of 

Nav 1.8, a sodium channel that contributes to the perception of neuropathic pain 

(Gold et al., 2003). 

The phenotypic changes in the uninjured nerve have been attributed to the 

products of Wallerian degeneration (Sheth et al., 2002; Wu et al., 2001 ). Ligation 

and injury of either sensory or motor fibers results in hyperalgesia. Thus, it is 

possible that peripheral nerve injury induces an immune response that causes 

changes in the uninjured nerves resulting in neuropathic pain. It has been shown 

that injection of TN F-a in control rats can induce allodynia and spontaneous pain 

(Schafers et al., 2003). In response to nerve injury, TNF-a is released by 

infiltrating macrophages and resident Schwann cells (Shamash et al., 2002). 

Therefore, in different models of peripheral nerve injury, immune cells release 

cytokines that affect neighboring uninjured nerves. A similar process may 

underlie functional changes in the intact CT nerve following unilateral CT section. 

Epithelial sodium channels (ENaC). Within the peripheral taste system, the 

different taste modalities: sweet, umami, bitter, sour, and salty are transduced 

through different receptors (Chandrashekar et al., 2006). Sweet, umami, and 

bitte~ stimuli are tranduced through G-protein-coupled receptors that include 

T1 R1, T1 R2, and T1 R3 proteins (Chandrashekar et al., 2006). Sour stimuli 
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enters taste receptor cells through PKD2L 1 ion channels, among other proposed 

pathways (Chandrashekar et al., 2006). Salt transduction occurs through at least 

two different channels, amiloride-sensitive ENaC and the amiloride-insensitive 

transient receptor potential vanilloid receptor 1 (TRPV1) (Treesukosol et al., 

2007). The changes in taste function, observed in CT sectioned and sodium 

restricted animals, are specific to sodium stimuli. In the presence of amiloride, 

changes in sodium responses are eliminated (Wall and McCluskey, 2008). This 

indicates that changes in ENaC expression or function are responsible for 

functional plasticity in the peripheral taste system. 

ENaC allow for movement of sodium ions down their electrochemical 

gradient into epithelial cells. These channels are composed of a-, [3-, and y

subunits, which share 30-35% homology. The stoichiometry is uncertain. Each 

subunit has two transmembrane domains and a glycosylated extracellular 

domain; both the N and C termini are cytoplasmic. ENaC are tetrodotoxin (TTX)

insensitive but are inhibited by amiloride, a diuretic (Snyder, 2002). 

ENaC are not voltage- or ligand-gated. Instead, they are regulated by a 

multi-step process including: noncoordinate transcription, protein trafficking, and 

proteolytic cleavage (Snyder, 2005). Within the nucleus, one of the ENaC 

subunits is transcribed to a lesser extent than the other two. To exit the 

endoplasmic reticulum (ER), all three subunits must assemble into a complex. 

Thus, noncoordinate transcription ensures that ENaC do not leave the ER until 

. receiving the proper signals. After leaving the ER, the assembled ENaC complex 

traffics to the Golgi apparatus for proteolytic cleavage, which activates ENaC. 
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Upon leaving the Golgi, ENaC are inserted into the cell membrane. The proper 

regulation of ENaC is critical for normal function in several systems (Snyder, 

2005). 

In the kidney, ENaC regulate fluid homeostasis and maintain normal blood 

volume. Improper function of these channels results in too much or too little 

sodium absorption, ultimately causing hypertension .or hypotension, respectively 

(Snyder, 2002). ENaC are also present on the apical membrane of airway 

epithelia in the lung and maintain the proper composition and volume of bronchial 

fluid (Garty and Palmer, 1997). Altered ENaC activity may contribute to the 

effects of cystic fibrosis. 

Within the rat taste system, ENaC are present on the membrane of taste 

receptor cells and are responsible for amiloride-sensitive sodium responses 

(Brand et al., 1985; Heck et al., 1984). ENaC have been detected in the 

circumvallate, fungiform, and foliate papillae and are specific for sodium ions 

(Heck et al., 1984; Kretz et al., 1999; Lin et al., 1999; Shigemura et al., 2005). 

Movement of sodium ions into the taste receptor cell induces depolarization that 

causes voltage-dependent calcium influx, neurotransmitter release, and 

stimulation of gustatory afferent nerves which ultimately results in the perception 

of sodium stimuli. In humans, the contribution of ENaC and amiloride-insensitive 

channels is uncertain. Several studies suggest that amiloride does not reduce 

the perception "saltiness" when NaCI is applied to the tongue (Ossebaard et al., 

1997; Ossebaard and Smith, 1995). These studies suggest that the contribution 
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of ENaC to sodium transduction in the taste system may vary between rats and 

humans. 

In other systems, ENaC are regulated by immune-derived factors. In lung, 

TNF-a has been shown to decrease ENaC expression and amiloride-sensitive 

sodium current (Dagenais et al., 2004). Yet, others have shown that TNF-a 

increases ENaC function (Fukuda et al., 2001 ). IL-1 J3 reduces expression of the 

a-ENaC subunit and decreases sodium transport (Roux et al., 2005). In the 

colon, both TN F-a and IL-1 J3 inhibit y- and J3-ENaC expression which result in 

decreased sodium current (Barmeyer et al., 2004). In the kidney, TGF-13 inhibits 

both glucocorticoid-induced increases in sodium current (Husted et al., 2000) and 

amiloride-sensitive 22Na uptake in cultured renal cells (Tuyen et al., 2005). Thus, 

it is not surprising that the immune system influences ENaC in the taste system. 

Significance. Little is known about the response and influence of the immune 

system after gustatory nerve injury. Yet, the CT nerve can be damaged or 

severed during middle ear surgery resulting in taste loss {Blackburn and 

Bramley, 1989; Grant et al., 1989). Since regeneration is successful in the taste 

system, it is of interest to understand how immune cell populations influence both 

taste bud and CT nerve degeneration. Understanding the interaction between 

the immune system and the degenerating nervous system will increase our 

understanding of the interactions that occur in peripheral nerve injury and may 

allow for manipulation to promote functional recovery in systems that do not fully 

regenerate. 
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Abstract 

The combination of dietary sodium depletion and unilateral chorda 

tympani (CT} nerve section decreases sodium taste function in the intact CT 

nerve. However, functional changes have not been examined prior to day 4 post-

sectioning, even though degenerative and inflammatory responses are robust 

during that period. Rats received unilateral CT section and/or dietary sodium 

depletion, accomplished by 2 injections of furosemide and a sodium-restricted 

diet, on day 0. Surgical controls received sham nerve sectioning. At days 1, 2, 3, 

or 4, taste responses were recorded from the intact nerve. Functional changes 

were rapid and unexpected. At day 1 post-sectioning, neural responses from the 

uninjured CT of both control-fed and sodium-depleted animals were reduced. By 

day 2, however, normal function was restored in control-fed rats, whereas 

functional deficits persisted in depleted animals. Sodium depletion alone also 

induced a transient decrease in sodium responses at day 2-3 after furosemide 

injection. These results demonstrate that distant neural injury can elicit gustatory 

plasticity regardless of the dietary environment, but normal responses can be 

restored. We suggest that neutrophils mediate the initial post-injury deficits in 

taste function, while macrophages promote the recovery of normal function. 

21 



22 

Keywords: chorda tympani nerve; neural plasticity; neural degeneration; 

amiloride; neurophysiology 

Introduction 

Taste buds on the anterior region of the tongue are innervated by the 

chorda tympani (CT) nerve, which maintains taste bud integrity and transmits 

gustatory signals to the central nervous system. Upon CT nerve sectioning, taste 

buds degenerate and taste function is lost on the ipsilateral side of the tongue 

(Cheal and Oakley, 1977; Guth, 1971; Olmsted, 1921 ). Once regeneration 

occurs, new taste buds are formed and taste function is restored (Cheal et al., 

1977). 

Newly formed taste receptor cells are sensitive to dietary manipulation, as 

demonstrated in models of development (Hill, 2004) and neural injury (Hendricks 

et al., 2002; Hill and Phillips, 1994; McCluskey and Hill, 2002; Phillips and Hill, 

1996). During postnatal development, sodium responses gradually increase until 

they reach adult-like levels (Cheal and Oakley, 1977; Ferrell et al., 1981; Hill and 

Almli, 1980; Hill et al., 1982). However, maternal dietary sodium restriction 

prevents the emergence of normal sodium responses as long as the offsprings 

are maintained on a low-sodium diet (Hill, 2004). Neurophysiological responses 

to sodium are also subnormal in adult rats when denervated taste buds and the 

CT regenerate under conditions of sodium restriction (Hill and Phillips, 1994). 

Surprisingly, the intact CT initially exhibits subnormal responses to sodium as 

well. Responses then increase linearly over the next 50 days until they reach 
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hypersensitive levels. Both the low-sodium diet and unilateral nerve section were 

required to elicit functional changes in these studies (Hill and Phillips, 1994; 

McCluskey and Hill, 2002). 

Dietary sodium unmasks a functional, apparently non-neural interaction 

(Kinnman and Aldskogius, 1988) between the injured and intact lingual fields 

(Hendricks et al., 2002; Hill and Phillips, 1994; McCluskey and Hill, 2002; Phillips 

and Hill, 1996). However, sodium sensitivity in the intact CT has not been 

examined during the early post-injury period, when a number of important events 

take place. On the sectioned side of the tongue, CT fibers retract from taste buds 

within 12-24 hr after CT and lingual sectioning, and denervated taste receptor 

cells subsequently degenerate (Farbman, 1969). CT sectioning also modulates 

immune activity within hours to days. For example, there are rapid increases in 

lingual levels of adhesion molecules and chemokines that recruit leukocytes to 

injured sites (Cavallin and McCluskey, 2007a; Cavallin and McCluskey, 2007b). 

Activated macrophages also respond bilaterally to nerve injury within 2 days 

(Cavallin and McCluskey, 2005; McCluskey, 2004). It is unknown whether the 

function of the intact CT changes concomitantly because the earliest point 

examined in previous work was day 4 after section (Hendricks et al., 2002; Hill 

and Phillips, 1994; Phillips and Hill, 1996). 

In the current study, we determined the effects of dietary sodium depletion 

on the function of the intact CT during the early post-sectioning period. Knowing 

when functional changes first occur in the uninjured nerve will contribute to an 

understanding of underlying mechanisms. Furosemide, a natriuretic/diuretic, was 
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injected to ensure rapid sodium depletion of rats in the appropriate groups. This 

method of sodium depletion (i.e. furosemide injection and a low-sodium diet) 

replicates that used in previous work focused on the function of the intact CT 

after contralateral injury (Hendricks et al., 2002; Hill and Phillips, 1994; 

McCluskey and Hill, 2002; Phillips and Hill, 1996). Our findings demonstrate that 

the functional plasticity exhibited by the uninjured CT is even more dynamic than 

previously appreciated. 

Materials and Methods 

Animals. All protocols were approved by the Institutional Animal Care and Use 

Committee of the Medical College of Georgia and followed guidelines set by the 

National Institutes of Health. Female specified pathogen-free (SPF) Sprague

Dawley rats (n=112; Charles River) were 150-290 g at the time of nerve 

recording. CT responses did not vary with body weight. Rats were housed in 

cages with barrier tops and received autoclaved food, bedding, and water. 

Groups. Separate groups of rats (n = 8 each) were given the following dietary 

and surgical treatments: 1) unilateral CT section and dietary sodium depletion; 2) 

dietary sodium depletion alone; or 3) CT section alone. Distinct groups of rats 

were examined on day 1, 2, 3, and 4 following furosemide injection and initiation 

of the low-sodium diet and/or CT sectioning (day 0). In addition, we recorded 

from a separate group of unmanipulated "controls" (n = 8), and from a group at 

day 1 after sham sectioning (n = 8) to control for the effects of anesthesia and the 

surgical approach to the CT nerve. 
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Nerve sectioning procedure. Rats receiving nerve section were injected with 

atropine sulfate (0.5 mg/ml, intraperitoneal [i.p.J) followed by anesthesia with a 

mixture of ketamine {40 mg/kg, i.p.) and xylazine {10 mg/kg, i.p.). Body 

temperature was maintained between 36°C and 38°C with a hot water pad. The 

right CT nerve was aseptically exposed by a mandibular approach and 

transacted after its bifurcation from the lingual nerve, as described in previous 

work (Hill and Phillips, 1994; Phillips and Hill, 1996). The sutured incision was 

swabbed with Bactine ™ after the surgical procedure. 

Dietary manipulations. Rats in the unoperated and sectioned low-sodium 

groups received 2 injections of furosemide (1 0 mg each within 24 hours, i.p.; 

Sigma), low-sodium chow {0.03% NaCI, MP Biomedicals) and distilled water ad 

libitum. For convenience, we refer to these groups as "sodium-depleted" below. 

Rats in control-fed groups were maintained on a control diet (0.25% NaCI) and 

tap water. 

Neurophysiology. CT recordings were performed from day 1 to day 4 post-

sectioning to determine when functional changes occur in the contralateral, intact 

CT nerve. Rats were anesthetized with chloral hydrate {525 mg/kg, i.p.). 

Additional injections were given as needed to maintain a surgical level of 

anesthesia. The dissection and recordings proceeded as in previous work (Hill 

and Phillips, 1994). Briefly, animals were tracheotomized and placed in a 

nontraumatic headholder. Body temperature was maintained between 36-38°C. 

The head was laterally dissected and the left chorda tympani exposed, cut near 

its exit from the tympani bulla, and placed on a platinum electrode. Multifiber 
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activity from the entire nerve was amplified, displayed on an oscilloscope, and 

monitored with an audio amplifier. For data analysis, the amplified signal was 

passed through an integrator with a time constant of 1.0-2.0 seconds, and the 

summated electrical activity was viewed using PowerLab software (ADI). This 

measure of the neural response reflects the sum of single-fiber responses 

(Beidler, 1953). 

Stimulation procedures. Responses were recorded during stimulation of the 

anterior tongue with concentration series (0.05-0.5M) of NaCI, sodium acetate 

(NaAc), and KCI. Responses to 1M sucrose, 0.01 M quinine, 0.01 N HCI, and 

0.3M monosodium glutamate (MSG) were also determined. All chemicals were 

reagent grade, dissolved in distilled water and kept at room temperature during 

recording. Three milliliters of each stimulus were applied to the anterior part of 

the tongue over a period of -5 s using a syringe. After 25 seconds, the tongue 

was rinsed with distilled water for at least 1 min. The stability of each series was 

determined by analyzing the height of the integrated response to 0.5M 

ammonium chloride (NH4CI) at the beginning and end of each concentration 

series. Only stable series with NH4CI responses that differ by $ 10% were used 

for data analysis (Hill and Phillips, 1994; Phillips and Hill, 1996). NH4CI (0.5M) 

was also used as the standard stimulus for calculating relative response 

magnitudes. Specifically, we measured the steady-state height of the integrated 

neural response at 20 s after stimulus application to the tongue. At the end of the 

experiment, responses to a NaCI concentration series were recorded after lingual 

application of the epithelial sodium channel (ENaC) blocker, amiloride 
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hydrochloride (MP Biomedicals). The solvent and rinse for each stimulus 

consisted of 501JM amiloride. Following the conclusion of each recording, rats 

were euthanized with an overdose of sodium pentobarbital (80 mg/kg, i.p.). 

Data presentation and analysis. Mean relative CT response ratios were 

compared among treatment groups (Hendricks et al., 2002; Hill and Phillips, 

1994; McCluskey and Hill, 2002; Phillips and Hill, 1996). Responses from normal 

control animals were compared to those from sham-sectioned surgical controls 

using t-tests. To examine the effects of diet and/or CT section, responses from 

each treatment group at each day postsectioning were compared to those from 

pooled controls. Comparisons were made with analyses of variance followed by 

Dunnett's post-tests where appropriate using Prism 3.0 (GraphPad Software). 

The a-level was set at P < 0.05, and the resulting P values are reported in 

Results. 

Results 

Control groups. Mean relative responses from untreated, normal control rats 

were similar to those from sham-sectioned rats. This was true for all 

concentrations of each stimulus tested (P>0.05), except for the responses to 

0.1 M KCI (P<0.017). Because the surgical approach and/or anesthesia (i.e. 

without nerve section) did not substantially change neural responses, data from 

these groups were pooled for further analyses and are subsequently referred to 

as "controls." Thus, mean relative CT responses from controls were compared to 

those from separate treatment groups, obtained from acute recordings, at days 

1-4 after treatment. Functional changes in the intact CT of sectioned and/or 
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depleted rats compared to controls are summarized in Table 1 and reported 

below. 

Table 1: Summary of changes in the neural response to sodium 

Treatment 

Control 

Cut 

Diet 
c 

Cut+ Diet 

"Not applicable. 
bNot determined. 

0 
Normal 

N/D" 
N/D 
N/D 

DaJls Post-Treatment 

1 2 
a N/A N/A 

Reduced Normal 

Normal Reduced 
Reduced Reduced 

cFurosemide injection (x2) followed by a low-sodium diet. 

3 4 
N/A N/A 

Normal Normal 

Reduced Normal 

Reduced Reduced 

Effects of CT sectioning and dietary sodium depletion. Representative whole 

nerve recordings from the intact CT of animals receiving contralateral nerve 

section and sodium depletion ("Cut+Diet") are shown in Fig. 2. Mean responses 

to both 0.25M and 0.5M NaCI were reduced at each time point in rats receiving 

both dietary and surgical treatments (n=B) compared to controls ("Control", n=16; 

Fig. 3; P<001-0.05). In addition, reduced responses to 0.05M and 0.1 M NaCI 

were observed at day 3 and to 0.1M NaCI at day 4 (P<0.001-0.05; Fig. 3C and 

D). Sodium responses rapidly decreased within 24 hours after CT section and 

dietary sodium depletion then continued to diminish gradually until reaching a 

minimum at day 4 post-section. The intact CT responses to another sodium 

stimulus, 0.5M NaAc, were also significantly reduced in depleted rats at days 1-4 

post-sectioning compared to controls (P<0.001; Fig. 4). Mean responses to 

0.25M NaAc from this group were also significantly lower vs. controls at day 3-4 
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Control Day 3 Diet Alone 

Day 1 Cut Alone Day 3 Cut and Diet 

0.10 0.25 0.50 O.SOM O.SOM 0.05 0.10 0.25 0.50 

NaCI(M) NH4CI NH4CI NaCI (M) 

Figure 2 Integrated responses from the intact chorda tympani nerve to 0.5M 

NH4CI and a concentration series of NaG/. Groups include unoperated, control-

fed animals (Control), control-fed rats receiving CT section (Day 1 Cut alone), 

sodium-restricted rats (Day 3 Diet alone), and rats receiving both contralateral 

CT section and dietary sodium depletion (Day 3 Cut+Diet). Representative 

responses were chosen to illustrate key findings. Steady-state responses to 

NaG/, relative to NH4GI responses, were decreased at day 1 in animals receiving 

GT section alone compared to controls. Responses to NaG/ were also reduced at 

day 3 in sodium-restricted rats and those receiving both nerve sectioning and 

sodium depletion vs. controls. Time calibration (line under the 0.05M NaG/ 

response at the top left)= 20s. 
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after contralateral sectioning (P < 0.05; Fig. 4C and D). At day 1, the response to 

0.05M NaAc was slightly, though significantly, increased (P < 0.05; Fig. 4A). 

CT responses to non-sodium stimuli were largely unaffected by sodium depletion 

and nerve injury, with a few exceptions. Responses to 0.1 M and 0.5M KCI at day 

2 post-section (P<0.05) and to 0.10-0.SM KCI (P<0.05) at day 3 were significantly 

lower than mean control responses (Fig. 58 and C). In addition, responses to 

0.05-0.25M KCI were slightly, though significantly, diminished by contralateral 

sectioning and depletion at day 4 post-section (P<0.05) (Fig. 50). Altered KCI 

responses have not been observed previously in animals treated with CT section 

and dietary sodium depletion (Hendricks et al., 2002; McCluskey and Hill, 2002; 

Phillips and Hill, 1996). However, the combination of dietary and surgical 

treatments may have some impact upon the transduction of potassium by 

amiloride-sensitive (Lundy and Contreras, 1997; Lundy et al., 1997) or amiloride

insensitive pathways in non-injured taste receptor cells (DeSimone and Lyall, 

2006). The intact CT nerve from Cut+Diet rats also exhibited reduced sensitivity 

to MSG from day 2 to day 4 post-sectioning compared to controls (P < 0.001-

0.05) (Fig. 6). While MSG stimulates the umami transduction pathway, this 

stimulus also contains a sodium component. 

Effects of contralateral CT section alone. Typical neural responses from 

control-fed rats receiving contralateral CT section ("Cut alonej are represented 

in Fig. 2. At day 1 post-section, this group (n=B) demonstrated significantly 

reduced CT responses to 0.5M NaCI compared to controls (P<0.05) (Fig. 3A). 

Mean CT responses to 0.5M NaAc were also significantly lower in animals 
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Figure 3 Mean (± SEM) relative responses to a concentration series of NaG/ 

from the intact chorda tympani nerve at Day 1 (A) Day 2 (B) Day 3 (C) and Day 4 

(D) after dietary and surgical treatment. Animals receiving both sodium-depletion 

and nerve section had reduced sodium responses at each day examined after 

sectioning. At day 1, rats that received CT sectioning alone exhibited diminished 

NaG/ responses compared to controls, but sodium sensitivity recovered by day 2. 

Responses to higher concentrations of NaG/ were a/so decreased briefly at days 

2 and 3 after dietary sodium depletion alone. 



A 
1.6 - ·- Control 

-+-Cutslono 
1.4 _._Diet alone 

~ --9-Culo();et 

112 
a: 1.0 
o. 
~ 0.8 

i 06 

§. 0.4 

.i! 0.2 

0.0 

c 
1.6 

1A 

$ 
&,u 
• • a: 10 
o. 
" M z 
::;; 

r6 
0.4 

.i! 0.2 

0.0 

0.0 0.1 

0.0 0.1 

Day, 

···•····· ....... .. .... ...... .. 

0.2 0.3 0.4 

Day3 

1 

0.2 0.3 0.4 

NaAc(M) 

32 

81.8 
Day2 

1A 

1.2 
............ , ..................... .. 

! 
1.0 

011 

0.6 

0.4 

02 

0.0 

0.5 M 0.1 0.2 0.3 0.4 0.5 

D 
1.8 

1A 

12 

1.0 

0.8 

06 

0.4 

02 

0.0 

0.5 0.0 0,1 0.2 0.3 OA 0.5 
NaAc(M) 

Fig_ure 4 Mean ± SEM relative responses to a concentration series of sodium 

acetate (NaAc) from the intact CT nerve at Day 1 (A) Day 2 (B) Day 3 (C) and 

Day 4 (D) after CT section and/or sodium-depletion. Rats receiving both CT 

section and sodium depletion had reduced responses to 0.50 M NaAc at each 

day following contralateral injury compared to controls. Nerve section alone 

significantly decreased responses to 0.50 M NaAc at day 1. Animals treated with 

sodium-depletion alone also displayed diminished responses at day 3 post-

section. 
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Figure 5 Mean ± SEM relative responses to a concentration series of KG/ from 

the intact chorda tympani nerve at Day 1 (A) Day 2 (B) Day 3 (C) and Day 4 (D) 

after nerve section and/or initiation of sodium depletion. Rats treated with both 

CT sectioning and sodium depletion displayed reduced responses to several 

concentrations of KG/ at days 3 and 4 compared to controls. Dietary and I or 

surgical treatments did not affect the neural responses from other groups. 
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Figure 6 Mean± SEM relative responses to 1M sucrose, 0.01M quinine, 0.01N 

HCI, and 0.3M MSG from the intact chorda tympani nerve at Day 1 (A) Day 2 (B) 

Day 3 (C) and Day 4 (D) following contralateral CT section and/or institution of 

the /ow-sodium diet. Responses to MSG from animals receiving both nerve 

section and sodium depletion were decreased at days 2-4 compared with 

controls. At day 4, responses to MSG from groups treated with CT sectioning 

alone were also significantly reduced. Responses to sucrose, quinine, and HCI to 

examine sweet, bitter, and acid pathways, respectively, were unaffected by 

dietary or surgical treatment. 
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Figure 7 Mean ± SEM relative responses to a concentration series of NaG/ and 

50pM amiloride from the intact CT nerve at Day 1 (A) Day 2 (B) Day 3 (C) and 

Day 4 (D) after contralateral nerve section and/or initiation of a low-sodium diet. 

The ENaC antagonist, amiloride, eliminated differences between groups at each 

time point. 
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receiving unilateral sectioning compared to controls (P < 0.05). However, normal 

sodium taste function was restored at day 2 following nerve injury. This brief drop 

in sodium taste function was unexpected because nerve injury alone had no 

effect on the regenerated or intact CT responses from day 4-85 in previous work 

(Hill and Phillips, 1994; Phillips and Hill, 1996). Responses to other non-sodium 

stimuli were generally unaltered by sectioning alone (Fig. 5- and 6), although 

MSG responses were significantly reduced at day 4 compared to controls 

(P<0.001) (Fig. 60). 

Effects of sodium depletion alone. Representative responses to NaCI from 

sodium-depleted rats ("Diet alone") are shown in Fig. 2. This group (n=B) 

displayed reduced responses to 0.5M NaCI at day 2 after treatment compared to 

controls (P<0.05; Fig. 38). At day 3, responses to 0.10 - 0.5M NaCI were also 

significantly reduced (P<0.001; Fig. 3C), but they returned to normal by day 4 

after treatment (P>0.05) (Fig. 30). The decreased responses to an additional 

sodium stimulus, NaAc, occurred one day later than the reduction in NaCI 

responses. Sodium-deficient rats displayed significantly lower CT responses to 

0.25M and 0.5M NaAc compared to controls responses at day 3 (P<0.001; Fig. 

4C), although responses again returned to control-like level by day 4 after 

treatment (P>0.05). Neural responses to non-sodium stimuli were unaffected by 

sodium depletion (Fig. 5 and 6). 

Effects of the ENaC antagonist. amiloride. Amiloride decreased sodium 

responses from each treatment group to similar magnitudes (Fig. 7A-D; P > 

0.05). Two exceptions were the neural responses to 0.10M and 0.50M NaCI and 



37 

amiloride, which were significantly lower at day 3 after nerve section and sodium 

depletion compared to controls (P<0.001 and P < 0.05, respectively). The CT 

response to NaCI in rats is composed of an amiloride-sensitive portion, mediated 

through ENaC, and an amiloride-insensitive component transduced through a 

vanilloid receptor 1 variant (Lyall et al., 2004). Because treatment-related 

disparities in sodium responses are amiloride-sensitive (Fig. 7), changes in 

ENaC function likely underlie neural alterations (Hill and Bour, 1985; Hill and 

Phillips, 1994). 

Discussion 

The adult peripheral taste system is remarkably plastic in the days following 

distant injury. Within 24 hours of CT sectioning, neural sensitivity to sodium 

decreases in the uninjured nerve. This rapid decline in taste function occurs in 

both control-fed and sodium-depleted rats. Normal taste responses are restored 

at day 2 post-sectioning in animals on a control diet, but remain low in animals 

receiving the dietary manipulation. This study reveals that the uninjured nerve is 

sensitive to distant injury, and that critical events between day 1 and 2 promote 

normal neural function. We have thus identified a pivotal period in which injury 

leads to normal or abnormal function depending on dietary status. 

The temporary drop in neural responses after injury-despite a normal 

diet-has not been previously reported. One possibility is that the dynamic 

immune response to injury mediates functional recovery in control-fed vs. 

depleted animals. During the first hours after CT sectioning, leukocytes that have 

adverse effects on the function of innervated taste receptor cells may invade as 
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in other systems (Carlson et al., 1998; Jones and Corwin, 1996; Neufeld et al., 

2002; Perry et al., 1987; Taoka et al., 1997). For example, within 12 hrs after 

neural injury there is an increase in neutrophils that secrete reactive oxygen 

species, proteases, and other neuroactive factors (Carlson et al., 1998; Perry et 

al., 1987). Preliminary evidence suggests that neutrophils also respond to CT 

section in both depleted and control-fed rats within 12 hrs. Although neutrophil 

numbers quickly return to baseline level in animals on the normal diet, the 

response appears to be enhanced and prolonged by sodium depletion (Wall and 

McCluskey, 2007). Conversely, an activated macrophage response to CT 

sectioning is coupled with normal taste function. In control-fed rats, macrophage 

levels are increased on the intact side of the tongue at day 2 post-sectioning, 

when taste function returns to normal. In sodium depleted rats, macrophage 

levels remain low as do neural responses to sodium (Cavallin and McCluskey, 

2005; McCluskey, 2004). Macrophages responding to injury may release 

diffusible factors that ultimately benefit taste receptor cell function, while 

neutrophils likely have a detrimental effect. 

Previous studies demonstrated normal CT responses at 4-85 days after 

furosemide injection and dietary sodium restriction in unoperated rats (Hill and 

Phillips, 1994; McCluskey and Hill, 2002). Here, normal CT responses were 

observed at day 4 after furosemide injection and sodium-restriction, which is 

consistent with those reports. However, neural sensitivity to sodium was reduced 

at day 2-3. We suggest that furosemide transiently reduces CT responses to 

sodium, whether through its action as a diuretic or via side effects. Others have 



39 

shown acute decreases in CT responses to 0.5M NaCI at 24 hours after injection 

using a similar treatment (Bernstein and Taylor, 1992). The recovery of normal 

sodium sensitivity at day 4 in unoperated rats may relate to the excretion of 

furosemide and the termination of its effects, even as the sodium-restricted diet is 

maintained. 

Contralateral nerve injury and/or dietary sodium depletion alter neural 

responses to sodium quite selectively, as described here and in previous work 

(Hill and Phillips, 1994; McCluskey and Hill, 2002; Phillips and Hill, 1996). 

Responses to non-sodium stimuli are generally unaffected by these treatments. 

Because the portion of the sodium response that varies with treatment is 

amiloride-sensitive, it is likely that ENaC expressed by taste receptor cells are 

the primary site of functional changes. Many factors that regulate ENaC in other 

systems are associated with nerve injury, including cytokines (Barmeyer et al., 

2004; Dagenais et al., 2004; Dickie et al., 2000; Fukuda et al., 2001; Husted et 

al., 2000; Roux et al., 2005; Tuyen et al., 2005), growth factors (Tong and 

Stockand, 2005; Zhou et al., 1996) and neutrophil-derived elastase (Caldwell et 

al., 2005; Harris et al., 2007). Dietary sodium also upregulates aldosterone, 

which modulates ENaC function in the taste system (Hemess, 1992; Lin et al., 

1999). Thus, dietary sodium depletion may upregulate hormones that affect 

ENaC, while neural injury and degeneration stimulate another (or overlapping) 

set of modulatory factors. 

Most studies of the effects of nerve injury focus on the damaged nerve 

and denervated target cells. However, the spinal ligation model of hyperalgesia is 
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a well-(jefined exception. As in the gustatory system, neural injury induces 

functional plasticity in neighboring, intact neurons in spinal nerves. The timing of 

functional changes is remarkably similar to what we report, as spontaneous 

activity is enhanced in uninjured neurons by day 1 post-injury (Wu et al., 2002). 

In that model, neural injury and inflammation induce several factors that alter 

activity in intact fibers, including nerve growth factor (NGF) (Obata et al., 2006) 

and tumor necrosis factor (TNF)-a (Sorkin et al., 1997). Multiple receptors and 

channels on uninjured neurons provoke the ectopic activity, including the 

transient receptor potential vanilloid type 1 (TRPV1) channel (Obata et al., 2004). 

The amiloride-sensitivity and sodium-specificity of the effects in the current work 

suggest that ENaC ultimately mediates functional changes in the taste system. 

This work defines a 24 hr period when functional deficits occur in the 

uninjured nerve after contralateral trauma, which is critical for identifying 

underlying mechanisms. Although function is quickly restored under normal 

post-injury conditions, dietary sodium depletion prolongs the aberrant neural 

responses for at least 85 days (Hill and Phillips, 1994). The peripheral taste 

system is an excellent model to explore the effects of injury on the remaining, 

intact nerve and receptor cells. In fact, uninjured nerves and target cells in other 

systems may be equally susceptible to distant injury, with functional alterations 

occurring faster than widely appreciated. Determining the factors that promote 

normal taste responses during a specific window may suggest general strategies 

for promoting neural recovery from injury. 
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Ill. UNPUBLISHED RESEARCH 
Neutrophil Response to Injury Decreases Chorda Tympani Nerve Function. 

Pamela Wall Steen and Lynnette Phillips McCluskey 

Abstract 

Neutrophils play a prominent role in inflammation, but their response to 

gustatory nerve injury has not been determined. In the peripheral taste system, 

unilateral chorda tympani (CT) section induces rapid, yet transient functional 

changes in the contralateral, intact CT nerve. Dietary sodium restriction prolongs 

the decrease in CT function. These changes in taste function are specific to 

sodium stimuli and are associated with alterations in the immune response to 

injury. Examination of the lingual neutrophil response revealed an increase in 

neutrophils within 12 hours post-section. At day 1 post-section, the neutrophil 

response increased in animals fed a sodium-restricted diet, but decreased in 

those fed normal chow. The lingual neutrophil response to injury parallels 

reduced function from the intact CT nerve. Therefore, an anti-PMN antibody was 

administered to CT sectioned animals to deplete neutrophils and determine if 

neutrophils directly affect taste function. Normal CT function was restored by 

neutrophil depletion at day 1 post-section. These findings demonstrate that 

neutrophils induce deficits in sodium taste function, and are the first direct link 

between taste function and inflammation. We suggest that neutrophil-derived 

factors reduce the expression and/or function of epithelial sodium"channels 
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(ENaC) on taste receptor cells, ultimately resulting in subnormal sodium 

responses from the intact CT nerve. 

Keywords: neural degeneration; neuro-immune interactions; nerve injury; taste; 

neurophysiology; epithelial sodium channel (ENaC) 

introduction 

The immune system plays a fundamental role in the injured peripheral and 

central nervous systems. The leukocyte response to nerve injury includes 

neutrophils and macrophages, which migrate out of the circulation and into 

damaged tissue (Janeway et al., 2001 ). However, the effects of these cells on 

degenerating neurons and sensory receptor cells are not fully understood. 

Specifically, neutrophils infiltrate sites of injury and release cytokines and other 

signaling molecules which orchestrate the immune response (Nathan, 2006) and 

attract monocytes (Chertov et al., 1997) and dendritic cells (Bennouna et al., 

2003). In the auditory (Shave et al., 1998; Brandt et al., 2006; Jones and Corwin, 

1993), somatosensory (Bennett, 1999; Gazda et al., 2001; Morin et al., 2007), 

visual (Barouch and Schwartz, 2002; Neufeld et al., 2002; Yin et al., 2003), and 

olfactory systems (Getchell et al., 2002), the immune response to sensory nerve 

and receptor cell degeneration demonstrates both positive and negative effects 

on functional recovery. However, relatively little is known about the inflammatory 

response to nerve injury in the peripheral taste system. 

The peripheral taste system includes fungiform papillae, present on the 

anterior portion of the tongue, that contain taste buds which are trophically 
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maintained by innervation of the chorda tympani nerve. Upon CT section, taste 

buds degenerate. Normal taste bud function (Cheal et al., 1977; Hill and Phillips, 

1994) and morphology (Cheal and Oakley, 1977; Guth, 1971; Olmsted, 1921) is 

regained after CT regeneration. However, taste function is altered if 

regeneration occurs during dietary sodium restriction (Hill and Phillips, 1994). 

The regenerated CT nerve displays subnormal taste function, while the intact CT 

nerve demonstrates subnormal function within the first week of CT section and 

then becomes hypersensitive in the following weeks. 

Previous work suggests that the immune system influences CT nerve 

function. Stimulation of the immune system with lipopolysaccharide (LPS) in 

animals treated with CT section and dietary sodium restriction restores normal 

function in the intact CT nerve (Phillips and Hill, 1996). In addition, injury to other 

gustatory nerves or thermal injury to the tongue combined with dietary sodium 

restriction also results in reduced taste function from the intact CT nerve 

(Hendricks et al., 2002). Thus, the beneficial effects of immune cells in 

maintaining normal function are revealed with dietary sodium restriction. 

However, the mechanism and immune cell populations involved in altered peaks 

function are uncertain. Recent work has shown that the lingual macrophage 

response to CT nerve section starts to increase within 24 hours post-section and 

peaks within 48 hours (Cavallin and McCluskey, 2005; McCluskey, 2004). 

Dietary sodium restriction precludes the normal macrophage response to injury. 

Previously, we demonstrated that unilateral CT section induces rapid, yet 

transient functional changes in the contralateral, intact CT nerve (Wall and 

McCluskey, 2008). At day 1 post-section, CT responses are reduced, but return 
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to normal at day 2. Dietary sodium restriction prolongs the decrease in CT 

function. Interestingly, the decrease in taste function is specific to sodium stimuli. 

We suggest that the targets of the inflammatory response to CT section are 

epithelial sodium channels (ENaC) present on taste receptor cells. These 

amiloride-sensitive channels are thought to be one pathway for sodium 

transduction in the taste system (Brand et al., 1985; DeSimone and Ferrell, 1985; 

Desimone et al., 1984; Heck et al., 1984). Application of the ENaC inhibitor, 

amiloride, to the tongue eliminates differences in sodium responses. Therefore, 

it is most likely that alterations in ENaC are responsible for reduced taste 

function. 

The current study examines the lingual neutrophil response to CT nerve 

section and utilizes dietary sodium restriction to identify changes in the normal 

immune response. To determine if neutrophils decrease sodium responses in 

the intact CT nerve, we depleted neutrophils in CT sectioned animals and 

examined the sodium responses at day 1 post-section. We discovered that 

normal sodium responses were restored. Thus, our findings demonstrate that 

the neutrophil response to CT section induces functional deficits in the peripheral 

taste system and that depletion of neutrophils prior to CT section prevents loss of 

function. 

Material and Methods 

Animals. The Animal Care and Use Committee at the Medical College of 

Georgia approved all protocols, which followed guidelines set by the National 

Institutes of Health. Female specified pathogen-free (SPF), Sprague Dawley rats 

(n=105 total; Charles River) were 124 to 259 gat the time of treatment. Rats 
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were housed in cages with barrier tops and received autoclaved food, bedding, 

and water. 

Groups. Experiment 1: To determine the dynamics of the neutrophil response to 

CT section, separate groups of rats received the following treatments: 1) 

Unilateral CT section and dietary sodium restriction (Cut+Diet); 2) Dietary sodium 

restriction alone; 3) CT sectioning alone (Cut alone); 4) No treatment (normal 

controls); 5) Sham section alone (control for the surgical incision) 

Experiment 2: To determine the effect of neutrophils on CT function at day 1 

post-section, a second set of rats received the following treatments: 1) CT 

section and injection with normal rabbit serum (Cut+NRS); 2) CT section and 

injection with an anti-PMN antibody (Cut+anti-PMN Ab). 

Nerve sectioning. Rats receiving nerve section were injected with atropine 

sulfate and subsequently anesthetized with a mixture of ketamine (40 mg/kg, 

intraperitoneal [i.p.]) and xylazine (1 0 mg/kg, i.p.). Body temperature was 

maintained between 36°C and 38°C with a hot water pad. The right CT nerve 

was exposed through a ventral approach and transacted after its bifurcation from 

the lingual nerve, as described in previous work (Hill and Phillips, 1994; Phillips 

and Hill, 1996). The sutured incision was swabbed with Bactine™ after the 

surgical procedure. 

Dietary manipulations. Following unilateral CT sectioning, rats in the sodium 

restricted groups received two injections of the diuretic furosemide (10 mg each 

within 24 hours, i.p.; Sigma), low-sodium chow (0.03% NaCI, MP Biomedicals) 

and distilled water ad libitum. Administration of furosemide ensured rapid 



47 

excretion of sodium. Rats in control-fed groups were maintained on a control diet 

(0.25% NaCI; Purina) and tap water. 

Tissue collection. To determine the neutrophil response to CT nerve injury, rats 

were overdosed with sodium pentobarbital (80 mg/kg, i.p.) and tongues dissected 

at days 0.5 (i.e. 12 hrs), 1, 2, or 3 after CT sectioning and/or sodium restriction 

(day 0). Tissue was frozen and cryosectioned at 8 IJm/section. The neutrophil 

response was examined in three regions of the tongue: 1) tip; 2) mid; and 3) rear. 

Coronal sections were collected from the anterior end of the tongue (-150 

sections), designated as the tip region. Two millimeters were skipped and -75 

sections were collected from the mid region. Again, two millimeters of tissue 

were skipped and -75 sections were collected for examination of the rear region 

of the tongue. In some rats, spleens were also collected for positive control 

staining of neutrophils. 

Neutrophil immunohistochemistry. Slides were fixed in 0.2% glutaraldehyde 

in phosphate-buffered saline (PBS; pH 7.5). Endogenous peroxidase activity 

was minimized by incubation in 0.9% hydrogen peroxide and non-specific 

background staining blocked with 2% normal goat serum. Slides were incubated 

in a rabbit anti-myeloperoxidase (MPO) primary antibody for 2 hours (1 :1 00; 

Abeam) at room temperature. MPO is an iron-containing enzyme found in 

neutrophils (Kiebanoff, 2005}. Slides were then incubated in a biotinylated goat 

anti-rabbit lgG (1:100; Jackson) for 30 minutes at room temperature. Finally, 

sections were treated with avidin-biotin complex (Vector), developed with 

diaminobenzidine, and lightly counterstained with hematoxylin. Incubation in an 
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irrelevant rabbit lgG antibody {1 :1 00; Abeam) was used to asses non-specific 

staining. 

Neutrophil analysis. Neutrophil counts were performed with a computer 

imaging system equipped with MetaMorph software {Universal Imaging 

Corporation) and a digital color camera {Cool Snap; Roper Scientific). Imaging 

was done without knowledge of the treatment group. All images were taken at 

20x and used to quantify neutrophils in four regions per coronal section: 1) the 

denervated epithelium and lamina propria; 2) the denervated submucosa and 

muscle; 3} the intact, contralateral epithelium and lamina propria; and 4) the 

intact submucosa and muscle. Vessels can contain variable numbers of 

leukocytes, so immunopositive neutrophils within them were not counted. For 

each of the four regions of the tongue, a standard-sized area {12.9 mm2
) was 

placed in the same position within each region. Four standard-sized, non

overlapping images were acquired within each region for a total of 206.4 mm2 per 

section. Thus, the selection and placement of the region of interest remained 

standard for each rat. The sixth seciion of the tip, middle, and caudal regions 

was used for imaging. If the sixth section was damaged, the next countable 

section was quantified. 

MPO enzyme activity. MPO enzyme activity was also used as measure of 

neutrophil infiltration {Anton et al., 2004; Bradley et al., 1982; Frink et al., 2007) 

at 12 hours and day 1 post-CT section. Animals were perfused with 0.9% saline. 

Tongues were removed, and 1 mm of the anterior portion of tongue was used for 

the assay. This area was determined to have the highest concentration of 

neutrophils in pilot studies. The anterior portion of the tongue was divided into 
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righVsectioned side and lefVintact side and frozen in liquid nitrogen. The frozen 

tissue was homogenized in 150 J..IL of 50 mM potassium phosphate buffer (pH=6) 

and 0.5% hexadecyltrimethylammonium bromide (Sigma). After three freeze and 

thaw cycles, with sonication for -10 seconds in between, the tissue was 

centrifuged at 15,000 rpm for 15 minutes. The supernatant was removed and 

stored at -80°C. A BSA protein assay (Pierce) was used to determine the protein 

concentration of all the samples. The MPO reaction mixture contained 0.0005% 

hydrogen peroxide, 0.167 mg/ml of o-dianisidine dihydrochloride (Sigma), and 

45 J..IL of sample. The final reaction volume was 210 J..ll. Human MPO (Sigma) 

was used as the standard. After 5 minutes, the reaction was stopped with 1% 

sodium azide and the absorbance was read at 450 nm (KC Junior Software, Bio

Tek Instruments). MPO activity is expressed in units of MPO/mg of protein. 

Neutrophil depletion. Rabbit anti-rat PMN antibody (3 mUkg, Accurate) was 

diluted in 0.9% sterile saline and brought to a total volume of 1 ml. The antibody 

was injected i.p. 1 day prior to CT nerve section. Normal rabbit serum (NRS, 

Jackson Laboratory) was injected as a control (Perkins and Tracey, 2000; Ryu et 

al., 2007). 

Neurophysiology. CT recordings were performed at day 1 post-section to 

determine if neutrophil depletion restored normal taste function. Rats were 

anesthetized with chloral hydrate (525 mg/kg, i.p.). Additional injections were 

given as necessary to maintain anesthesia at a surgical level. Dissection of the 

CT nerve and recordings were the same as described in previous work (Hill and 

Phillips, 1994; Wall and McCluskey, 2008). Briefly, animals were placed on a 

heating pad to maintain body temperature between 36-38°C and tracheotomized. 
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The animals were secured in a non-traumatic head-holder and the CT dissected 

laterally. The left chorda tympani was exposed and freed from surrounding 

muscle and connective tissue. The CT nerve was cut near its exit from the 

tympanic bulla, desheathed, and placed on a platinum electrode. Multifiber 

activity from the entire nerve was amplified and integrated with a time constant of 

1.0-2.0 seconds. The summated electrical activity was monitored and analyzed 

using Powerlab software (ADI). 

Stimulation procedures. The anterior portion of the tongue was stimulated with 

the following concentration series: (0.05-0.SM) of NaCI, sodium acetate (NaAc), 

and KCI. Stimulation with 1M sucrose, 0.01 M quinine, 0.01 N HCI, and 0.3M 

monosodium glutamate (MSG) were used to examine non-sodium modalities. 

Following stimulation of the tongue, responses from the intact CT nerve were 

recorded. All solutions were reagent grade and dissolved in distilled water, and 

taste solutions were kept at room temperature during recordings. Over a period 

of -5 s, three milliliters of each taste solution were applied to the anterior part of 

the tongue using a syringe and remained on the tongue for -25 s. The tongue 

was rinsed with distilled water for at least 1 min before adding the next stimulus. 

The analysis of taste responses was the same as described previously (Wall and 

McCluskey, 2008). Briefly, a concentration series was considered stable and 

used for data analysis if the 0.5M ammonium chloride (NH4CI) responses at the 

beginning and end of each concentration series differed by s; 10% (Hill and 

Phillips, 1994; Phillips and Hill, 1996). For each stimulus, the integrated neural 

response was measured 20 s after stimulation. NH4CI (0.5M) was used as the 

standard stimulus for determining the relative response magnitudes of each 
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stimulus. At the end of the experiment, amiloride hydrochloride (MP 

Biomedicals}, an epithelial sodium channel (ENaC) blocker, was applied to the 

tongue for -10 min. A concentration series of NaCI was then recorded from the 

intact CT. The solvent and rinse for each stimulus consisted of 501-JM amiloride. 

At the end of each recording, rats were euthanized with sodium pentobarbital (80 

mg/kg, i.p.). Tongue and spleen tissue was frozen and cryosectioned at 8 

IJm/section. The collected tissue was examined by immunohistochemical 

analyses. 

Confirmation of neutrophil depletion. Neutrophil depletion was confirmed and 

quantified in the tip region of tongue by diaminobenzidine immunohistochemistry 

using a mouse MPO antibody (1 :50, Abeam). The immunohistochemistry and 

quantification methods were similar to that described previously (Neutrophil 

Analysis). One exception is that the standard region of interest was placed over 

those areas with the most concentrated MPO staining to maximize the number of 

neutrophils analyzed. This practice is similar to previously published analyses of 

macrophage infiltration (Cavallin and McCluskey, 2005; McCluskey, 2004). MPO 

staining was qualitatively examined in the spleen. There did not appear to be a 

difference in splenic MPO staining between Cut+NRS and Cut+anti-PMN Ab 

groups, indicating that neutrophil depletion was localized to the area of injury. 

Macrophage immunohistochemistry. Since macrophages might influence 

taste function, the specificity of the anti-PMN antibody was examined. To ensure 

that the anti-PMN antibody was not depleting macrophages, 

immunohistochemical assays were performed on the tip region in day 1 

Cut+NRS and Cut+anti-PMN treated animals according to previously published 



52 

methods (Cavallin and McCluskey, 2005; McCluskey, 2004). Slides were fixed in 

0.2% glutaraldehyde in PBS (pH 7.5). Endogenous peroxidase activity was 

minimized by incubation in 0.9% hydrogen peroxide and non-specific background 

staining was blocked with 2% normal goat serum. Slides were incubated in a 

primary antibody against mouse anti-rat ED1 (1 :400; Serotec), an antibody to 

identify activated macrophages, for 2 hours at room temperature. Slides were 

then incubated in biotinylated goat anti-mouse lgG (1 :100, Jackson) for 30 

minutes at room temperature. Finally, sections were treated with avidin-biotin 

complex (Vector), developed with diaminobenzidine, and lightly counterstained 

with hematoxylin. 

Macrophage analysis. Labeled macrophages were quantified with a computer 

imaging system equipped with MetaMorph software (Universal Imaging 

Corporation) and a digital color camera (Cool Snap, Roper Scientific). All images 

were taken at 20x and used to quantify macrophages in the same four regions 

and with the same standard area as described (Neutrophil Analysis). Four 

images were acquired in each region. Images were taken of the most 

concentrated ED1+ staining. ED1+ stained pixels were digitally marked on each 

image. The percentage of stained pixels/standard area was calculated and used 

to quantify macrophages (Cavallin and McCluskey, 2005; McCluskey, 2004). 

Statistical analysis. The mean number of lingual neutrophils from control 

groups treated with day 1 sham section, 12 hour dietary sodium restriction, and 

untreated control animals (data not shown) were compared by analyses of 

variance (ANOVA), followed by Newman-Keul's post-tests using Prism 3.0 

(GraphPad Software). No differences were found between groups. Therefore, 
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they were pooled and are referred to as the "Control" group. Neutrophil counts 

from the Control, Cut alone, and Cut+Diet groups were analyzed at 12 hours, day 

1, 2, and 3 post-section. The mean number of neutrophils on the sectioned (cut 

side) and intact sides (uncut side) of the tongue were compared using ANOVA, 

followed by Dunnett's post-tests where appropriate. 

MPO activity levels were examined in 12 hour sham ("Sham"), Cut alone, 

and Cut+Diet treated animals at 12 hours and day 1. The mean MPO units/mg of 

protein was analyzed on both the cut and uncut sides of the tongue using 

ANOVA, followed by Dunnett's post-tests where appropriate. 

Functional responses from the intact CT nerve were examined in 

Cut+NRS and Cut+anti-PMN Ab treated animals at day 1 post-section. Mean 

relative response ratios from the intact CT nerve were compared using a one

tailed t-test. To confirm neutrophil depletion in the anti-PMN antibody treated 

animals, the number of neutrophils was counted on both the cut and uncut sides 

of the tongue in Cut+NRS and Cut+anti-PMN Ab treated animals. The mean 

number of neutrophils in both groups was analyzed using a one-tailed t-test. 

Macrophages were also quantified in Cut+NRS and Cut+anti-PMN Ab at day 1 

post-section. The% of ED1+pixels/standard area was analyzed on both the cut 

side and uncut sides of the tongue using a two-tailed t-test. The a level was set 

at P ::; 0.05 for all analyses. 

Results 

Neutrophil response to CT injury. The lingual neutrophil response in Cut alone 

and Cut+Diet animals was dramatically increased on both the cut (p<0.05 and 

p<0.001) and uncut (p<0.05) sides of the tip region of the tongue after 12 hours 
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post-section, respectively, compared to Controls (Figure 8A). No significant 

differences were present in the mid and rear regions of the tongue (p>0.05; 

Figure 8A). 

At day 1, Cut+Diet animals demonstrated increased neutrophil infiltration 

on the uncut side of the tongue in the tip region vs. Control (p<0.001; Figure 88). 

The cut side "remained elevated vs. controls (p<0.001; Figure 88). In contrast, 

neutrophil counts in Cut alone animals were decreased on the cut side, but still 

significantly increased on the uncut side (p<0.05; Figure 88). At day 1, Cut+Diet 

treated animals also demonstrated a significant increase in the neutrophil 

response on the cut side of the tongue in both the mid (p<0.05) and rear 

(p<0.001) regions of the tongue (Figure 88). Representative 

immunohistochemical staining of neutrophils from the tip region of both the cut 

and uncut sides of the tongue at day 1 post-section are shown in Figure 9. 

Compared to Controls, the neutrophil response is elevated in Cut alone animals. 

Interestingly, dietary sodium restriction augments the neutrophil response. 

Neutrophil staining was observed in the muscle, lamina propria, and at the 

base of fungiform taste buds. At day 1 , neutrophils were present near taste buds 

on both the cut and intact side of the tongue in animals treated with Cut alone 

and Cut+Diet (Figure 1 0). The presence of neutrophils near fungiform taste buds 

suggests that neutrophil-derived factors have the potential to induce functional 

changes in the taste system. 
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Figure 8 The neutrophil response to CT section and/or dietary sodium 

restriction. At 12 hours post-section (A), the number of neutrophils/ standarrl 

area were increased in both Cut alone (n=6) and Cut+Diet (n=6) animals in the 

tip region of the tongue compared to Control (n=18). Neutrophils were 

increased further at day 1 (B) in Cut+Diet animals. At day 2, the responses 

begins to decrease (C). At day 3 (D), the neutrophil response is statistically 

increased but approaching control levels. *P<0.05 and **P<0.001. 
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Figure 9 Representative images of myeloperoxidase (MPOt neutrophils 

(brown) in the submucosa of the tongue tip in Control, Cut alone, and Cut+Diet 

animals at day 1 post-section. Lingual neutrophils are increased on both sides of 

the tongue in response to CT section. Dietary sodium restriction augments the 

neutrophil response to CT section on both the cut and uncut sides of the tongue. 

Scale bar= 65J.lm. 
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Figure 10 Images of MPo+ neutrophils at day 1 post-section in Cut alone and 

Cut+Diet animals. Neutrophils are present on both the cut and uncut sides of 

the tongue and within fungiform papillae that contain (*) taste buds. Positive and 

negative spleen tissue demonstrates antibody specificity. Scale bar= 30pm. 
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At day 2, the neutrophil response was still significantly increased on both 

the cut (p<O.OS) and uncut (p<0.001) sides in the tip region of the Cut+Diet group 

vs. Control (Figure 8C). In Cut alone animals, the neutrophil response. was 

comparable to Control. Both the cut (p<0.001) and uncut (p<0.001; p<O.OS) 

sides of the tongue in the mid and rear regions, respectively, were significantly 

increased compared to Control (Figure 8C). 

At day 3, the neutrophil response was significantly increased in the tip 

region of the tongue in both Cut alone and Cut+Diet groups on the cut (p<0.05; 

p<0.001) and uncut (p<0.05; p<0.001) sides, respectively (Figure 80). A 

significant increase was also detected in the mid region of tongue on the uncut 

side of Cut+Diet treated animals (p<0.05). Overall, neutrophils are increased at 

12 hours in both Cut alone and Cut+Diet animals. At day 1, the neutrophil 

response peaks in Cut+Diet animals, but begins to decline in Cut alone animals. 

By day 2, the neutrophil response is returning to control levels. 

Myeloperoxidase enzyme assay as a measure of neutrophil infiltration. To 

confirm the results from our neutrophil counts, MPO enzyme activity was 

examined as a measure of neutrophil infiltration (Figure 11 ). At 12 hours post

section, the units of MPO/mg of protein were not significantly increased on either 

side of the tongue in animals treated with Cut alone or Cut+Diet compared to 

Shams. At day 1, there was a trend towards an increase in the units of MPO/mg 

of protein on both sides of the tongue in Cut+Diet animals. However, the 

increases were not statistically significant. In the Cut alone animals there was no 

apparent increase on either side of the tongue. Thus, the neutrophil counts 
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appear to be a more sensitive tool for detecting differences in the lingual 

neutrophil response. 

Neutrophil depletion restores taste function. At day 1 post-section, 

electrophysiological recordings were performed on the intact CT nerve in both 

Cut. +NRS and Cut+anti-PMN Ab treated animals. Cut+NRS treated animals 

demonstrated reduced CT responses to sodium stimuli, similar to that observed 

in day 1 Cut alone animals from our previous study (Figure 12A} (Wall and 

McCluskey, 2008). In contrast, animals treated with the anti-PMN antibody, to 

deplete neutrophils, displayed normal sodium responses. Responses to 0.5M 

NaCI (p=0.010}, 0.25M NaCI (p=0.003), and 0.1M NaCI (p=0.021} were 

significantly increased compared to the Cut+NRS responses (Figure 12A). The 

intact CT responses to 0.5M NaAc (p=0.035), 0.25M NaAc (p=0.026), and 0.1 M 

NaAc (p=0.048) were also significantly increased compared to Cut+NRS treated 

animals (Figure 128). Treatment with amiloride, an ENaC antagonist, decreased 

NaCI responses to similar magnitudes (Figure 12C). One exception was the 

response to 0.05M NaCI in the presence of amiloride, which was significantly 

increased in the Cut+anti-PMN Ab group (Figure 12C; p=0.038). However, the 

biological relevance of this increase is uncertain. The intact CT responses to 1M 

sucrose, 0.01 M quinine, 0.01 N HCI, 0.3M MSG and to all concentrations of KCI 

were not significantly different between day 1 Cut+NRS and Cut+anti-PMN Ab 

groups (Figure 13A and B; p>0.05}. Thus, by depleting neutrophils in CT 

sectioned animals, we show that neutrophils reduce sodium responses within 24 

hours post-section. In addition, the sodium-specificity and amiloride-sensitivity of 

functional changes suggest that the target of neutrophils is most likely ENaC. 
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Quantification of neutrophi/s and macrophages in anti-PMN treated tissue. 

Neutrophils were counted in day 1 Cut+NRS and day 1 Cut+anti-PMN Ab treated 

animals to confirm successful depletion of neutrophils. Representative staining 

of neutrophils from the cut side of the tongue at day 1 post-section is shown in 

Figure 14 (A and 8). Neutrophils were significantly decreased on the cut side of 

the tongue in day 1 Cut+anti-PMN Ab treated animals compared to Cut+NRS 

treated animals (Figure 14E; p=0.021). However, no significant changes in the 

neutrophil response were observed on the uncut side of the tongue (Figure 14E; 

p=0.182). In the spleen, there was no apparent difference in the presence of 

neutrophils between Cut+NRS and Cut+anti-PMN Ab treated animals (Figure 

14C and D). 

To determine the specificity of the anti-PMN antibody, day 1 Cut+NRS and 

day 1 Cut+anti-PMN Ab treated tongue tissue was stained for ED1, a marker for 

activated macrophages. There was no significant difference in the macrophage 

response between the two groups on either the cut or uncut side of the tongue 

(Figure 15). 
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Figure 11 MPO enzyme activity in response to CT nerve section. MPO enzyme 

activity was measured at 12 hours and day 1 post- section. At both 12 hours and 

day 1, MPO activity levels of Sham (n=5) animals were statistically similar to Cut 

alone (n=5-6) and Cut+Diet (n=5-6) animals on both sides of the tongue. P>0.05. 
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Figure 12 Mean± SEM relative responses to concentration series of NaG/ (A), 

NaAc (B), and NaG/ and amiloride (C) from the intact CT nerve at day 1 post-

section. Animals receiving CT section and the anti-PMN Ab (n=5) had increased 

CT responses to 0.5M, 0.25M, and 0. 1M NaG/ and NaAc compared to Cut+NRS 

treated animals (n=5). Control and Day 1 Cut alone responses are included for 

comparison (Wall and McCluskey, 2008). *P<0.05. 
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Figure 13 Mean± SEM relative responses to a concentration series of KG/ (A), 

and to 1M sucrose, 0.01M quinine, 0.01N HCI, and 0.3M MSG (B) from the intact 

CT nerve at day 1 post-section. There were no significant differences between 

groups for any of the non-sodium stimuli. P>0.05. 
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Figure 14 Images of MPCY neutrophi/s taken from the tip region of the cut side 

of the tongue at day 1 post-section in control-injected (A) and neutrophil-depleted 

(B) animals. Th~r~ were no apparent differences in splenic neutrophils between 

the groups (C and D). The number of neutrophils on the cut side of the tongue in 

Cut+anti-PMN Ab animals is significantly reduced compared to Cut+NRS (E). 

Panel (F) demonstrates negative MPO staining. *P<0.05. 
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Figure 15 Analysis of activated macrophages at day 1 post-section in animals 

treated with NRS or anti-PMN Ab. There were no significant differences in the 

macrophage response between the groups on either the cut or uncut side of the 

tongue. P>0.05. 
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Discussion 

The lingual neutrophil response to CT section is increased in both Cut 

alone and Cut+Diet animals at 12 hours post-section. At day 1, the neutrophil 

response peaks on both sides of the tongue in Cut+Diet animals. In contrast, the 

neutrophil response begins to decrease in Cut alone animals. At day 2, the 

neutrophil response is decreased in both groups. However, the neutrophil 

response is still significantly increased on both sides of the tongue in Cut+Diet 

animals. Thus, dietary sodium restriction augments the neutrophil response. 

The timing of the neutrophil response to CT section corresponds with functional 

changes in the intact, contralateral CT nerve. At day 1 post-section, the 

functional response from the intact CT nerve to sodium stimuli is significantly 

decreased (Wall and McCluskey, 2008). To determine if neutrophil-derived 

factors were responsible for these functional changes in the intact nerve, 

neutrophils were depleted in animals receiving CT section. At day 1, animals 

receiving CT section and neutrophil depletion demonstrated normal sodium 

responses. Animals treated with CT section and normal rabbit serum displayed 

reduced sodium responses with magnitudes similar to that seen in Cut alone 

animals from our previous study (Wall and McCluskey, 2008). These findings 

demonstrate that the lingual neutrophil response to CT nerve section induces 

acute functional changes in the intact CT nerve. 

The timing and effect of the neutrophil response is similar to that seen in 

other injured systems. In models of PNS and CNS injury, the neutrophil 

response typically occurs within the first 24 hours after nerve injury (Carlson et 

al., 1998; Perkins and Tracey, 2000; Perry et al., 1987; Taoka et al., 1997; Zuo et 
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al., 2003) and usually declines rapidly. However, others have observed a 

prolonged presence of neutrophils for several days following nerve injury 

(Perkins and Tracey, 2000). Also, in other sensory systems, including the 

auditory and visual systems (Brandt et al., 2006; Neufeld et al., 2002), 

neutrophils typically have negative effects on functional recovery and/or cell 

survival following injury in both the PNS (Perkins and Tracey, 2000; Zuo et al., 

2003), and CNS (Taoka et al., 1997). In addition, depletion of neutrophils has 

been shown to alleviate neuropathic pain and functional deficits following nerve 

injury (Perkins and Tracey, 2000; Taoka et al., 1997). These findings are 

consistent with our observations. In CT sectioned animals, the increased 

presence of neutrophils is associated with deficits in taste function (Wall and 

McCluskey, 2008). 

Large accumulations of neutrophils can damage tissue and must be 

precisely regulated. For example, phagocytosis of neutrophils by macrophages 

results in reduced IL-23 secretion from macrophages which ultimately inhibits 

neutrophil production in the bone marrow and maintains neutrophil homeostasis 

(Stark et al., 2005). Thus, neutrophils and macrophages maintain a delicate 

balance to ensure the immune response to injury is appropriate and does not 

become detrimental to tissue. A balance between neutrophils and macrophages 

also exists within the taste system. Neutrophil numbers are reduced when the 

macrophage response to CT section is increased. Dietary sodium restriction 

inhibits the macrophage response or enhances the neutrophil response. As a 

result, the neutrophil response is elevated and prolonged. In vitro studies have 

shown that macrophages can induce neutrophil apoptosis (AIIenbach et al., 
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2006; Meszaros et al., 2000). Therefore, the macrophage response in Cut alone 

animals terminates the neutrophil response by inducing apoptosis. Since the 

macrophage response is inhibited in Cut+Diet animals, neutrophils delay 

undergoing apoptosis and have a prolonged presence in the tongue. 

At day 1 post-section, the functional decrease in the intact CT nerve is 

specific to sodium stimuli. Application of amiloride eliminates these differences. 

Therefore, it is most likely that neutrophil-derived factors influence ENaC 

expression and/or function on taste receptor cells. As a result, the intact CT 

nerve response to sodium stimuli is reduced. ENaC are expressed in several 

systems and multiple studies have focused on regulation of this channel. 

Cytokines, such as IL-113 (Barmeyer et al., 2004; Raux et al., 2005), TNF-a 

(Fukuda et al., 2001), and TGF-131 (Tuyen et al., 2005) have been shown to 

regulate ENaC in lung and kidney cells. In addition, neutrophil elastase, a serine 

protease released by neutrophils, has also been shown to regulate ENaC. 

Although, neutrophils primarily release proinflammatory cytokines to eliminate 

microbes and amplify the immune response to injury (Nathan, 2006), release of 

cytokines may result in a bystander effect that induces changes in ENaC. 

Neutrophils release factors that are known to alter ENaC expression and/or 

function in other systems. Therefore, they may exert an effect on ENaC in taste 

receptor cells as well. Thus, we propose that neutrophils responding to CT 

section release cytokines and/or proteases that decrease ENaC expression 

and/or function. Additional studies are needed to determine what cytokines are 

released from neutrophils in the proximity of taste buds and how sodium 

restriction may alter their release. 
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A baseline level of neutrophils is present in uninjured lingual tissue. 

These neutrophils are typically located in the muscle, lamina propria, and within 

fungiform papillae. Since the primary function of neutrophils is to phagocytize 

debris, neutrophils may remove dead or dying cells from the lingual tissue. 

Interestingly, taste receptor cells, which form the taste bud, turnover 

approximately every 10 days (Beidler and Smallman, 1965). Yet, it is not certain 

how the cellular debris of dying taste receptor cells is removed and discarded 

though suggested mechanisms include phagocytosis by leukocytes and 

extrusion of cellular debris through the taste pore (Olmsted, 1921). The close 

proximity of neutrophils to the taste buds suggests that neutrophils may 

participate in removal of expired taste receptor cells. 

In the current studies, MPO activity varied considerably between animals. 

Variation in the immunological response between individuals is quite common 

and is associated with factors including: gender, exercise, smoking, 

neuroendocrine mediators, and fatty acid composition of immune cells (Arcavi 

and Benowitz, 2004; Butts and Sternberg, 2008; Kew et al., 2003; Smith, 1997). 

The production and function of neutrophils, specifically, vary among different 

populations of humans (Shaper and Lewis, 1971) Even within small groups, 

individual differences in the immune response exist (Michel et al., 2001). In our 

study, MPO enzyme activity varied among individual animals. As a result, 

significant differences were not detectable. Since a large number of neutrophils 

infiltrate the injured tissue within a relatively small window of time, individual 

differences in the animals' immune responses also result in a broad range of 

neutrophil responses. 
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Following treatment with the anti-PMN antibody, neutrophils were 

significantly reduced on the cut side of the tongue, but not on the uncut side 

(Figure 14 E). For these staining assays, a mouse-MPO primary antibody was 
-

substituted for the rabbit-MPO antibody that was used to quantify neutrophils 

(Figure 8). Therefore, the variation in neutrophil staining may be due to 

differences between the two antibodies. Although significant neutrophil depletion 

occurs only on the cut side, normal CT function is present in the intact CT nerve. 

Thus, subtle decreases in the presence of neutrophils on the uncut side, 

although not biologically significant, may be sufficient to rescue normal CT 

function. 

These findings have expanded our understanding of injury in the 

peripheral taste system by demonstrating that leukocytes, specifically 

neutrophils, directly influence taste function. Our data is novel to the gustatory 

system and may be relevant to other models. Spinal nerve ligation, a model that 

is often used to examine neuropathic pain, involves ligation and injury of one 

nerve while adjacent nerves are spared. Interestingly, the uninjured nerves 

display increased spontaneous activity and increased expression of neurotrophin 

receptors and sodium channel isoforms (Ali et al., 1999; Gold et al., 2003; Obata 

et al., 2006; Wu et al., 2001). All of these alterations may promote neuropathic 

pain. Neutrophils have been shown to induce hyperalgesia following sciatic 

nerve injury (Perkins and Tracey, 2000). We demonstrate that neutrophils 

responding to CT section cause functional alterations in the taste system. These 

findings suggest that neutrophils may produce undesirable effects in other injured 

neural systems. 
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Prior to our study, the response and role of neutrophils in the peripheral 

taste system had not been examined. This work suggests that a sensitive 

balance between neutrophils and macrophages exists and maintains normal 

taste function following CT section. Identification of immune cell function within 

the injured peripheral taste tissue may increase our understanding of the immune 

response in other models of nerve injury. Elucidation of the interactions between 

immune cells and the injured nervous system may allow for manipulation to inhibt 

undesirable effects and promote neural regeneration. 



IV. DISCUSSION 

Within the peripheral taste system, little is known about the immune 

response to injury, although several studies suggest the immune response to CT 

section results in functional plasticity. Following unilateral CT section, 

macrophages are significantly increased on the cut side of the tongue at day 1 

post-section and are increased on both the cut and uncut sides of the tongue at 

day 2 (Cavallin and McCluskey, 2005; McCluskey, 2004). Yet, the functional 

response of the intact CT nerve was unknown at these early time points. We 

analyzed the taste responses in the intact CT nerve following CT section alone 

and in the presence of dietary sodium restriction at days 1-4 post-section. We 

also examined the neutrophil response to CT section since neutrophils typically 

infiltrate injured tissue prior to macrophages. Third, neutrophils were depleted in 

CT sectioned animals and taste responses were recorded from the intact CT 

nerve at day 1 post-section. 

Electrophysiological recordings from the intact CT nerve revealed that 

sodium responses are decreased at day 1 post-CT section and return to normal 

at day 2 (Figure 16). The decrease in sodium responses at day 1 indicates that 

function-altering factors are present prior to 24 hours post-section. At day 2 post

CT section, normal function is restored. These findings suggest that either 
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Figure 16 Schematic of functional changes in the intact CT. Sodium responses 

were reduced at day 1 post~section in Cut alone and Cut+Diet animals. At day 2, 

sodium responses were restored in Cut alone animals but remained subnormal 

at all time points in Cut+Diet animals. In Diet alone animals, the sodium 

responses were subnormal at day 2 and 3 post-section, but returned to normal at 

day4. 
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factors causing reduced function are removed or mediators that restore normal 

function are present just prior to day 2. Dietary sodium restriction prevents 

recovery of normal function. 

In Diet alone animals, decreased sodium responses are present at days 2 

and 3 post-section and subsequently return to normal at day 4. It is possible that 

injection with furosemide causes a transient decrease in sodium responses. 

Others have seen similar decreases in sodium responses after injection with 

furosemide (Bernstein and Taylor, 1992). Thus, normal sodium responses are 

restored after furosemide is excreted. 

The early immune response to CT section was hypothesized to induce 

functional changes in the intact CT nerve. Neutrophils are an important 

component of the innate immune system, and they are typically the first immune 

cells to infiltrate injured tissue in other systems. Examination of the neutrophil 

response to unilateral CT section revealed that neutrophils are increased on both 

sides of the tongue at 12 hours post-CT section. The neutrophil response peaks 

on both the cut and uncut sides of the tongue at day 1 post-section in Cut+Diet 

animals. In contrast, the overall neutrophil response is decreased in Cut alone 

animals. At day 2, the neutrophil response begins to decrease in Cut+Diet 

animals. Yet, neutrophils are still significantly increased on both sides of the 

tongue compared to Control. Thus, dietary sodium restriction augments and 

prolongs the lingual neutrophil response to CT section compared to Cut alone 

animals. 
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The divergence in the neutrophil response may be due to macrophages. 

Macrophages have been shown to induce neutrophil apoptosis in other systems 

(AIIenbach et al., 2006; Meszaros et al., 2000). Therefore, infiltrating 

macrophages at day 1 and 2 post-section in Cut alone animals may promote 

neutrophil apoptosis and reduce the number of neutrophils present. In contrast, 

the lack of a macrophage response in Cut+Diet animals may cause the increased 

number of neutrophils at day 1 and 2 post-section. We suggest that the 

prolonged presence of lingual neutrophils is due to the absence of macrophages. 

Neutrophils can be harmful to healthy tissue if incorrectly regulated. 

Macrophage-induced apoptosis of neutrophils ensures that the neutrophil 

response to injury is appropriate. 

The neutrophil response corresponds with decreased sodium responses 

in the intact CT nerve at day 1 post-section. We hypothesized that neutrophils 

responding to CT section release mediators that affect sodium responses in the 

intact CT nerve. To test this hypothesis, we depleted neutrophils, with an anti

PMN antibody, in animals receiving CT nerve section and recorded from the 

intact CT nerve at day 1 post-section. Sodium responses were restored to 

normal in animals receiving CT section and neutrophil depletion. Thus, 

neutrophil-derived factors decrease sodium responses at day 1 post-section. 

These findings demonstrate that the immune system, specifically neutrophils, 

have a direct effect on taste plasticity. 

The presence of lingual neutrophils in response to CT section results in a 

rapid and transient decrease in sodium responses from the intact CT nerve at 
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day 1 post-section. This demonstrates that neutrophil-derived factors alter some 

part of the sodium transduction pathway. We have shown that in the presence of 

amiloride, an ENaC inhibitor, differences in sodium responses are eliminated at 

day 1 post-section. This finding suggests that the target of neutrophil-derived 

factors is ENaC. Several studies have examined the effect of cytokines on ENaC 

function in lung, kidney, and colon cells (Barmeyer et al., 2004; Dagenais et al., 

2004; Husted et al., 2000; Roux et al., 2005). Cytokines, such as TNF-a, IL-113, 

and TGF-13 have been shown to reduce ENaC expression ultimately reducing 

sodium uptake. One or more of these cytokines may regulate ENaC in the taste 

system as well. For example, neutrophil-derived IL-113 or TNF-a may inhibit 

promoter activity of one or more of the ENaC subunits causing reduced ENaC 

expression at the plasma membrane. In alveolar cells, both IL-113 and TNF-a 

have been shown to reduce a- and y-ENaC promoter activity, respectively 

(Dagenais et al., 2004; Roux et al., 2005). Within 24 hours, reduced ENaC 

expression on the plasma membrane would decrease sodium uptake, and could 

decrease sodium taste function. Another possibility is that cytokines specifically 

affect activated ENaC function through a yet unknown mechanism. Mediators of 

ENaC in taste receptor cells may be different or regulated differently than ENaC 

in other systems. Even within kidney, lung, and colon, differences in ENaC 

regulation and response to hormones exist (Masilamani et al., 2002; Snyder, 

2005). 

We demonstrate that infiltrating neutrophils responding to CT injury reduce 

sodium function in the intact CT nerve. These findings suggest that neutrophil-
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derived factors alter ENaC on taste receptor cells resulting in functional changes. 

However, the mechanism for recovery of sodium responses is unknown. One 

possibility is that infiltrating macrophages induce neutrophil apoptosis. Loss of 

neutrophils may result in removal of factors that decrease taste function and 

allow for recovery of sodium responses. Another possibility is that macrophages 

release factors that counteract the effect of neutrophils. Thus, macrophages 

secrete cytokines beneficial for restoring normal sodium responses. It is also 

possible that both scenarios occur. Lingual macrophages may induce neutrophil 

apoptosis to reduce the presence of neutrophil-derived factors. In addition, 

factors secreted by macrophages may help to restore normal sodium responses. 

If macrophages do secrete factors that restore normal taste function, then the 

lack of macrophages in sodium restricted animals may explain why sodium 

responses do not recover at day 2 post-section. 

Among the different sensory systems, there are similarities and 

differences in the neutrophil and macrophage responses to injury. The timing of 

the immune response in other sensory systems is similar to that observed in the 

taste system. Neutrophil infiltration occurs within 24 hours post-injury and 

precedes macrophage infiltration which occurs between days 2 and 3 post

section in the auditory, somatosensory, visual, and olfactory systems (Brandt et 

al., 2006; Dovi et al., 2003; Neufeld et al., 2002). Following injury in other 

sensory systems, neutrophil infiltration causes damaging effects including: 

decreased wound closure, hearing loss, and death of retinal neurons (Brandt et 

al., 2006; Dovi et al., 2003; Neufeld et al., 2002). In contrast, macrophages are 
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reported to promote regeneration and proliferation following injury in the auditory, 

visual, and olfactory systems, (Bhave et al., 1998; Borders et al., 2007; Getchell 

et al., 2002; Jones and Corwin, 1996; Warchol et al., 2001; Yin et al., 2003). 

Thus, within the different sensory systems neutrophils appear to have a harmful 

effect and macrophages appear to be beneficial. Yet, the specific mechanisms 

by which macrophages and neutrophils exert their effects are most likely 

different. For example, loss of retinal neurons following retinal ischemia is the 

result of increased neutrophil-derived nitric oxide synthase-2 (Neufeld et al., 

2002). Hearing loss in the auditory system and reduced wound closure in the 

somatosensory system are attributed to increased release of reactive oxygen 

species and proteases, respectively, from neutrophils (Brandt et al., 2006; Dovi 

et al., 2003). Following olfactory bulbectomy, recruited macrophages secrete 

leukemia inhibitory factor (LIF) which is believed to promote proliferation and 

neural regeneration (Getchell et al., 2002). Among the different sensory 

systems, the mechanisms by which neutrophil and macrophages exert their 

effect varies. 

The neutrophil response to nerve injury is rapid in the peripheral (PNS) 

and central nervous systems (CNS). The neutrophil response to both sciatic 

nerve and spinal cord injury is initiated within hours of trauma and is dramatically 

increased between 12 and 24 hours post-injury (Carlson et al., 1998; Gorio et al., 

2007; Levine et al., 1990; Perkins and Tracey, 2000; Perry et al., 1987; Reynolds 

et al., 2003; Stirling and Yong, 2008). Therefore, the rapid infiltration of 

neutrophils in the taste system is similar to that observed in other models of 
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nerve injury. Typically, the neutrophil response to sciatic nerve or spinal cord 

injury is reduced within a few days after injury but has been shown to last more 

than a week. In the taste system, the neutrophil response is approaching 

baseline within 48 hours post-section. Thus, the timing of neutrophil infiltration 

following CT section is similar to that in other systems, but the duration of the 

neutrophil response is relatively short in the peripheral taste system. 

In models of neuropathic pain, products of Wallerian degeneration have 

been associated with hyperalgesia. Suppression of the immune response to 

nerve injury as been shown to alleviate hyperalgesia (Ciatworthy et al., 1995; 

Perkins and Tracey, 2000) Direct injection of cytokines, such has TNF-a, have 

been shown to induce allodynia (Schafers et al., 2003). Thus, both leukocytes 

and cytokines have been shown to induce neuropathic pain. Spinal nerve 

ligation, a model for neuropathic pain, involves ligation of one spinal nerve while 

adjacent nerves are spared. Several studies suggest that phenotypic changes in 

uninjured nerves contributes to hyperalgesia (Gold et al., 2003; Hudson et al., 

2001; Wu et al., 2001 ). Therefore, immune-derived factors may affect uninjured 

nerves and stimulate neuropathic pain. In the peripheral taste system, 

neutrophils, in response to unilateral CT section, induce functional changes in the 

intact CT nerve. These findings suggest that the immune response to nerve 

injury can initiate undesirable alterations in adjacent uninjured nerves. 

Identification of specific immune-derived mediators that affect uninjured nerves 

may result in treatments to inhibit their effects. 
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Using anti-PMN antibodies, several studies have examined the effect of 

neutrophils following injury (de Castro et al., 2004; Perkins and Tracey, 2000; 

Ryu et al., 2007). Neutrophils have been shown to promote hyperalgesia, induce 

neuronal cell death, and increase the inflammatory response to nerve injury. 

Using this technique, we have demonstrated that neutrophils reduce taste 

function following unilateral CT section. Thus, neutrophil depletion is an 

essential technique for elucidating the role of neutrophils in response to injury. 

Understanding the immune response within the lingual tissue may have 

clinical implications for both disease and physical injury. Graft-versus-host 

disease (GVHD) occurs when donated lymphoid cells attack recipient host cells, 

potentially causing death (lmanguli et al., 2008). Painful lesions in the oral 

cavity, including the tongue, are one of the earliest signs of GVHD. However, the 

immune cell populations responsible for these lesions are uncertain (Fujiwara et 

al., 1996). These findings demonstrate that neutrophils respond to injury in the 

tongue. Therefore, it is possible that neutrophils play a role in the development 

of oral lesions prior to GVHD. Following surgical removal of the lower third 

molar, the lingual nerve may potentially be damaged resulting in dysaesthesia, 

which is the loss of taste sensitivity (Blackburn and Bramley, 1989). In most 

cases, the lingual nerve recovers within 6 weeks. Yet, a small number of 

individuals fail to recover completely. The data presented demonstrates that 

neutrophils can affect taste function. If neutrophils potentiate dysaesthesia, then 

neutrophil depletion may be therapeutic. Overall, increased understanding of the 
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immune response within the lingual tissue may provide insight into treatment for 

clinical pathologies. 

With respect to the field of gustatory function, the findings presented here 

are novel. We have identified an acute and transient period of plasticity in taste 

function as a result of CT injury and have demonstrated that dietary sodium 

restriction disrupts this period of plasticity. We have also determined the normal 

neutrophil response to CT section and examined its sensitivity to dietary sodium 

restriction. Finally, we have shown that the neutrophil response to CT section 

directly induces acute functional changes in taste responses. Our observations 

of the neutrophil response to nerve injury and its effect on function are 

comparable to those described by others in different systems. This suggests that 

fundamental similarities exist between different systems. Understanding the 

function of the immune response to injury in the peripheral taste system may 

helpidentify interactions that occur within other systems. Currently, little can be 

done to correct problems associated with nerve injury, such as neuropathic pain 

and poor neural regeneration. Elucidation of the immune response to nerve 

injury will increase the potential for treatment. 



V. SUMMARY 

The immune response to nerve injury in the· taste system results in 

functional changes in the intact CT nerve. Following unilateral CT section, 

sodium responses are reduced at day 1 post-section. Reduced sodium 

responses parallel the increased neutrophil response at 12 hours post-section. 

We suggest that infiltrating macrophages induced neutrophil apoptosis and 

restore normal sodium responses at day 2. Dietary sodium restriction alters the 

balance between neutrophils and macrophages following CT section. Sodium 

responses from the intact CT nerve are reduced at day 1 post-section and 

remain subnormal for a prolonged period of time in sodium restricted animals. 

We propose that the absence of a macrophage response allows for a sustained 

increase in the neutrophil response and precludes recovery of normal sodium 

responses at day 2. Depletion of neutrophils, with an anti-PMN antibody, in CT 

sectioned animals rescues normal sodium responses in the intact CT nerve at 

day 1 post-section·. Thus, neutrophil-derived factors are directly responsible for 

the observed decrease in sodium responses at day 1. 

In conclusion, we propose that following unilateral CT section a delicate 

balance between neutrophils and macrophages is essential for maintaining 

normal taste function. Macrophages have been shown to induce neutrophil 
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apoptosis in other systems (AIIenbach et al., 2006; Meszaros et al., 2000). We 

propose that macrophage-induced neutrophil apoptosis is important for 

regulating the neutrophil response to CT section and ultimately maintaining 

normal taste function. 
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