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MELISSA ANN CAVALLIN 
Macrophage Recruitment Signals Following Unilateral Chorda Tympani Nerve 
Degeneration 
(Under the direction of LYNNETTE MCCLUSKEY) 

The chorda tympani nerve ( CT) innervates taste buds within fungiform 

papillae. Unilateral transaction of the CT causes degeneration of the ipsilateral 

taste buds and a bilateral increase in activated lingual macrophages. However, 

dietary Na+ restriction prevents the macrophage response and results in a 

subnormal neural response to Na+· stimuli by the. contralateral, intact CT. 

Stimulating immune system function with lipopolysaccharide (LPS) restores the 

bilateral macrophage response to CT section in Na+ -restricted rats. This 

macrophage response is associated with the recovery of normal taste function, 

suggesting that macrophages affect taste function. Intracellular adhesion 

molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, and monocyte 

chemoattractant protein (MCP)-1 are upregulated prior to and during the peak 

macrophage response suggesting that these molecules are recruitment signals 

for macrophage entry following CT injury. Macrophage inflammatory protein 

(MIP)-1a is not significantly upregulated following CT section. Importantly, the 

increase in VCAM-1 expression is prevented by dietary Na+ restriction, -which 

may partially · explain the decreased macrophage response in these animals. 

However, binding of an antibody against platelet endothelial cell adhesion 

molecule (PECAM)-1, which is downstream of ICAM-1 and VCAM-1, 

paradoxically increases macrophage recruitment and dpes · not alter taste 

· ;;function. Other adhesion molecules may be able to compensate for the loss of 



PECAM-1. The response of the immune system to CT section is diverse and 

requires the cooperation of many molecules in order to recruit macrophages to 

maintain normal taste function. ICAM-1, VCAM-1, and MCP-1 are upstream 

recruitment signals for macrophages that may ultimately affect the function of 

taste receptor cells. 

INDEX WORDS: ICAM-1, VCAM-1, MCP-1, MIP-1a, Macrophage, Chorda 

Tympani Nerve, Lipopolysaccharide, Dietary Sodium Restriction, Neuroimmune 

Interactions 
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I. INTRODUCTION 

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

The processes involved in nerve regeneration are not well understood. In 

general, the central nervous system is not able to regenerate damaged nerves 

effectively [91 ]. However, the peripheral nervous system is typically able to 

regenerate [91, 164]. The lack of regeneration in the central nervous system 

appears to be linked in part to an immune response to injury [50, 70, 79, 95, 99, 

132, 134, 141, 153, 188]. T cells and neutrophils are recruited to the central 

nervous system after injury [70, 79, 141, 153], while generally the macrophage 

response is slower in the central nervous system than in the peripheral nervous 

system [50, 95, 99, 132, 134, 188]. Macrophages appear to play a major role in 

nerve regeneration in the peripheral nervous system [50, 95, 99, 101, 131-134, 

188]. For example, the presence .of macrophages· in the sciatic nerve leads to 

rapid myelin clearance after injury to foster nerve growth [131]. The chorda 

tympani nerve (CT) is a part 9f the peripheral taste system and is able to 

regenerate following nerve transaction [22, 54, 123]. By understanding the 

mechanisms involved in CT regeneration, we may be able to activate similar 

pathways in the central nervous system ·.and allow nerve regeneration to occur. 

This has implications for patients suffering from debilitating spinal cord injuries. 

1 
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As a part of the peripheral· taste system, the CT innervates taste receptor 

cells localized in fungiform papilla taste buds. When the CT is transected, the 

ipsilateral, innervated taste buds degenerate. In rats receiving unilateral CT 

section, lingual macrophages are increased on both the denervated and intact 

sides of the tongue [104]. These macrophages are thought to maintain the 

normal neurophysiological response to Na+ in the contralateral, intact nerve [66, 

135], possibly by clearing factors, such as inhibitory myelin fragments, from the 

injured side that are detrimental to taste receptor cell function on the intact side 

or by releasing beneficial factors, such as cytokines and nerve growth factor 

(NGF), that are neuroprotective. When rats also receive a Na+-restricted diet, the 

increase in macrophages is prevented and neurophysiological responses to Na+ 

in the intact nerve are decreased [66, 104]. Normal function can be restored in 

the Na+ -restricted animals by stimulating the immune system with 

lipopolysac~haride (LPS) · [135]. The purposes ·.of the project are to determine if 

there is a link between macrophages and the maintenance of taste function and 

to determine what molecules are involved in recruiting the macrophages to the 

tongue following CT section. Adhesion molecules and chemokines are proposed 

to play a role in macrophage recruitment following· CT degeneration (Fig. 1 ). 

These novel experiments are crucial for understanding the functional interactions 

between immune cells, sensory receptor cells, and neurons.- This work provides 

new knowledge of the fundamental processes involved in neural plasticity. 
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Figure 1 Schematic o.f organizing hypothesis. 1) Unilateral CT section; 2) 
Chemokfnes, including monocyte .chemoattractant protein (MCP)·1 and 
macrophage inflammatory protein ,(MIP)-1a, are released by the degenerating 
nerve and/or taste receptor cells; 3) Upregulation of vascvlar adhesion· 

, molecules, including intracellular adhesion molecule (ICAftA)-1 and vascular cell 
adhesion molecule (VCAMJ-j; 4) Diapedesis of macrophages from vessels into 
denervated and intact sides of the tongue. Functionally, · macrophages aie. 
thought to maintain Na+ responses of the intact nerve by removing cytotoxic · 
factors. released by the injured nerve and taste buds or by releasing 
neuroprotective factors. · 

Specific. Aim 1: To test the hypothesi$ . that activated, lingual macrophages• are 

linked to the. maintenance qf taste function. Dietary Na+ restriction prevents the•· 

macrophage r~sponse to CT section leading to decr~ased taste responses to .. 

Na+ salts. Stimulating the inriate immune system with lipopolysaccharide (LPS) · 

restores normal· taste function in these animals. . We propose that LPS also 

restores the macrophage response to CT sectioning. . 
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Specific Aim 2: To test the hypothesis that intracellular adhesion molecule 

(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 are upregulated 

following CT section {Fig. 1 ). We predict that dietary Na+ restriction will prevent 

the increase in adhesion molecule expression. ICAM-1 and VCAM-1 are 

proposed to be upstream regulators of macrophage recruitment following CT 

section. 

Specific Aim 3: To test the hypothesis that the chemokines monocyte 

chemoattractant protein (MCP)-1 and macrophage inflammatory protein (MIP)-1a 

are upregulated following CT section (Fig. 1 ). These molecules are proposed to 

modulate macrophage recruitment following CT section. 

Specific Aim 4: To test the hypothesis that binding of an antibody against platelet 

endothelial cell adhesion molecule {PECAM)-1 will prevent the increase in 

activated, lingual macrophages in response to CT section and result in 

decreased taste responses to Na+ salts. In other words, the inhibition of 

PECAM-1 will mimic the effects of dietary Na+ restriction on macrophage 

recruitment and peripher~I tast~ function. 



I. INTRODUCTION 

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

Peripheral taste system plasticity. The CT is responsible for transmitting 

information from the taste buds within fungiform papillae to the central nervous 

system and for maintaining the morphology of these taste buds. S~ctioning of 

the CT results in the degeneration of the innervated, ipsilateral taste buds leading 

to a loss of taste function. Once the cut nerve regenerates ( ~45 days post cut in 

the rat), taste buds reappear and normal function returns [22, 54, 123] The 

formation of taste buds during development parallels the reformation of taste 

buds following CT section in many ways. Hill and colleagues have demonstrated 

that developmental dietary restriction of Na+ (0.03% NaCl vs. 1.0% NaCl in the 

control diet) resulted in attenuated responses to Na+ taste stimuli recorded from 

the CT of adult rats [63, 65, 67, 142, 161]. Hill and Phillips later found that 

unilateral CT section in rats. fed a Na+ -restricted diet in adulthood led to a 

regenerated nerve that had. selectively reduced taste responses to Na+ [66]. 

Therefore, newly reformed taste receptor cells are sensitive to dietary Na+ 

restriction, as they are during development. Interestingly, there are also changes 

in the Na+ taste responses in the contralateral, intact nerve. There is a rapid 

decrease in the response to Na+ by the intact nerve when compared to control 

5 
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animals (66]. This was a novel finding because there are no known neural 

connections across the midline of the tongue (34, 84]. The immune sysfem may 
I 

play a crucial role in mediating the functional changes following nerve injury. In 

fact, stimulation of the innate immune system with LPS leads to a restoration of 

normal neurophysiological Na+ taste responses in rats receiving a Na+ -restricted 

diet after unilateral CT sectioning [135]. This is a novel mechanism for the 

regulation of taste function. 

Immune system and neural injury. Nerve injury in the peripheral and central 

nervous systems causes an activation of the immune system. For many years, 

the immune system was thought to be detrimental to the nervous system, 

depending on the type of immune cells that respond. For example, neutrophils 

are often thought to contribute to secondary degeneration and elicit neuropathic 

pain after nerve injury [36, 129, 154]. Macrophages and T cells can be 

deleterious in neurodegenerative disease states involving autoimmunity, such as 

multiple sclerosis, Alzheimer's disease, and Guillain Barre syndrome [2, 60, 83, 

118, 163]. In most cases, however, an increase in macrophages and/or T cells 

promotes neuron survival and regeneration (10, 15, 94, 100, 140, 152, 153, 156]. 

T cells and neutrophils are upregulated by nerve injury [60, 79, 141, 156, 

167]. In fact, a lack of T cells and B cells in response to facial nerve transaction 

decreases the survival of motor neurons [156]. Restoring both cell populations 

increases neuron survival to control levels (156]. These results suggest that an 

immune response to nerve injury is important for neuroprotection and nerve 

regeneration. 
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Macrophages as potential .mediators of taste function. In addition to T cells 

and neutrophils, macrophages are upregulated following nerve injury and are 

important for myelin clearance [50, 68, 132, 133]. Macrophages accumulate in 

the spinal cord, sciatic nerve, cochlea, and olfactory epithelium after injury [40, 

76, 78, 95, 124, 134, 140, 141, 166). These macrophages are thought to be 

beneficial for nerve regeneration [15, 94, 100, 140, 147, 153, 177, 190]. For 

example, injecting macrophages into an ·injured spinal cord improves motor 

recovery, decreases spinai cyst formation, and promotes regeneration of sensory 
I 

axons [15, 140]. It is likely that macrophages are playing a beneficial role in CT 

degeneration and regeneration as well. 

Since there are no neural pathways across the midline of the tongue, 

immune factors rather than neural activation have been proposed to maintain 

normal taste function of intact taste receptor cells following contralateral 

denervation [104]. Recent work in· rats has demonstrated that there are fewer 

· lingual macrophages following unilateral CT section and dietary Na+ restriction 

when compared to rats that are maintained on a normal diet following CT section 

[104]. This deficit in macrophages is proposed to play a role in the reduced 

neurophysiological Na+ taste responses recorded from the intact CT in Na+

restricted animals [66]. 

Effects of diet on the immune system. Dietary deficiencies are often thought 

to induce immunosuppression. For example, decreasing food intake in rat dams 

results in decreased migration and number of circulating leukocytes in 8-9 week 

old offspring [88]. A protein-deficient diet suppresses cytokine release from 
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macrophages in mice [103]. Humeral immunity is suppressed globally in chicks 

deficient in Na+ and er [138]. Therefore, the deficit in lingual macrophages 

observed in Na+-restricted rats supports the idea that dietary Na+ restriction is 

immunosuppressive. 

LPS and macrophage activation. LPS is composed of fragments of the cell 

wall of gram-negative bacteria that stimulate the innate immune response, 

especially macrophages [1]. LPS activates macrophages by binding to CD14, 

which is a part of the Toll-Like Receptor (TLR)-4 complex. This binding results 

in the activation of the transcription factor nuclear factor (NF)-KB, and the 

upregulation of inflammatory response genes [1]. Therefore, LPS is a useful tool 

for stimulating local and systemic immune responses. 

As mentioned above, stimulation with LPS restores the normal Na+ taste 

responses in the intact nerve of Na+ -restricted rats [135]. LPS is known to 

activate macrophages leading to the release of numerous cytokines, including 

tumor necrosis factor, interleukin (IL)-1, IL-12, IL-15, and IL-18 [1]. By 

stimulating the release of cytokines, LPS increases leukocyte recruitment 

signals. LPS may also increasie the number of monocytes in the circulation. 

The net result of these effects of LPS is an increase in macrophages. Therefore, 

LPS administration may restore normal taste function by restoring the 

macrophage response to CT section in Na+ -restricted rats. 

Leukocyte migration. Many steps are involved in leukocyte migration (Fig. 2). 

Injury or infection stimulates cells to secrete chemokines, such as monocyte 

chemoattractant protein (MCP)-1 and macrophage inflammatory protein (MIP)-
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1 a. These chemokines induce the expression of adhesion molecules, including 

intracellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule 

(VCAM)-1, on endothelial cells and leukocytes. Expression of selectins, e.g. E

selectin, by the endothelium and their ligands, e.g. sialyl-Lewisx moiety (s-Lex), 

by leukocytes cause the leukocytes to roll along the endothelium. Firm adhesion 

is initiated by integrins, e.g. leukocyte functional antigen (LFA)-1 and very late 

antigen (VLA)-4, on leukocytes binding to their ligands, intracellular adhesion 

molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 respectively, 

on the endothelium. The chemokines further activate the leukocytes to begin 

transendothelial migration via additional adhesion molecules expressed at the 

endothelial cell junction, including platelet endothelial cell adhesion molecule 

(PECAM)-1. The chemokine gradient attracts the migrating leukocytes to the site 

of tissue damage. The leukocytes are now at the site to clear debris and support 

wound healing [1, 33, 77, 108, 173]. 
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Figure 2 Schematic of leukocyte migration. After injury or infection, 
chemokines, such as MCP-1 and MIP-1a are released. The chemokines then 
activate the endothelium of nearby blood vessels. The blood vessels upregulate 
the expression of adhesion molecules, such as ICAM-1 and VCAM-1. 
Macrophages circulating in the blood adhere to the activated endothelium. The 
macrophages cross the endothelium by utilizing another set of adhesion 
molecules located at the endothelial cell junctions, including PECAM-1. Once 
the macrophages enter the interstitial space, they migrate to the damaged or 
infected area by following the chemokine gradient through the tissue. Adapted 
from Janeway and colleagues [77]. 

Adhesion molecules and leukocyte migration. Adhesion molecules · are 

important for cell migration and activation in innate and adaptive immune 

responses [1]. Specifically, ICAM-1, VCAM-1, and platelet endothelial cell 

adhesion molecule (PECAM)-1 are important for leukocyte migration [26, 29, 73, · 

80, 106, 107, 149, 178]. These molecules are all members of the lgG 

superfamily of adhesion molecules [1, 75, 112, 120]. ICAM-1 (CD54) binds to 

the integrins LFA-1 and Mac-1 and is expressed by endothelial cells, leukocytes, 
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fibroblasts, and Schwann cells [1, 19, 30, 33, 98, 146]. VLA-4 is the ligand for 

VCAM-1 (CD106) [1]. VCAM-1 is expressed by endothelial cells, dendritic cells, 

and marrow stromal cells [1]. ICAM-1 and VCAM-1 are important for leukocytes 

to adhere to the endothelium before crossing the vessel wall into the tissue (Fig. 

2) [1, 77]. PECAM-1 (CD31) binds to itself, the integrin av13a, CD38, and sulfated 

glycosaminoglycans [75, 112, 120]. Platelets, leukocytes, and endothelial cells 

all express PECAM-1 [113, 151). PECAM-1 is expressed at the endot~elial cell 

junctions and is one of the last steps in leukocyte migration (Fig. 2) [148, 149]. 
' . 

ICAM-1, VCAM-1, and PECAM-1 are all upregulated in injury models of the 

nervous system and in other organs [3, 8, 20, 38, 44,- 53, 59, 82, 130, 141, 145, 

146, 155, 159, 164, 168, 181]. Specifically, ICAM-1 and VCAM-1 are 

upregulated after sciatic nerve injury [3, 20, 146] and after spinal cord injury 

[141]. . VCAM-1" is increased in the olfactory epithelium after removal of the 

olfactory bulb [38], Lumbar nerve injury increases PECAM-1 expression [145, 

168). Therefore, it is likely that macrophages utilize these adhesion molecules to 

gain entry to the tongue following CT section. 

ICAM-1, VCAM-1, and PECAM-1 are major mediators of leukocyte entry 

through activated blood vessels in most tissues [83, 113]. The endothelium of 

blood and lymphatic vessels of the human tongue expresses multiple leukocyte 

adhesion molecules, including ICAM-1, E-selectin, and PECAM-1 [31, 32]. 

However, the expression of additional adhesion molecules or the regulation of 

the molecules by nerve injury in the taste system remains unknown. We propose 

that the activation of vascular adhesion molecules precedes the entry of 
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macrophages and other leukocytes into the tongue following CT section. ICAM-1 

and VCAM-1 have been shown to be involved in the recruitment of leukocytes 

after central [8, 58, 155, 180, 181] and peripheral nerve injury [17, 20, 146, 147]. 

For example, ICAM-1 and VCAM-1 are upregulated within three days of sciatic 

nerve section [20]. Likewise, PECAM-1 is upregulated after spinal cord injury 

[145, 168]. This supports the idea that upregulation of adhesion molecules 

following CT secti_on signals macrophage entry into the tongue. 

Chemokines and leukocyte migration. Chemokines are a family of small 

molecular weight chemoattractant cytokines (hence "chemokines") that regulate 

leukocyte migration from blood to tissues (Fig. 2) [1]. -MCP-1 (CCL2) binds to the 

CCR2 receptor and is produced by moriocytes, · macrophages, fibroblasts, 

keratinocytes, Schwann cells, and endothelial cells [1, 42, 77, 165]. Leukocytes, 

including monocytes, ·natural killer cells, ·and basophils, are recruited to infected 

tissues by MCP-1 (Fig. 2) [1, 102]. CCR1 and CCR5 are the receptors for MIP-

1 a (CCL3) [1 ). MIP-1 a is produced by monocytes, T cells, mast cells, and 

fibroblasts [77]. MIP-1a recruits monocytes, macrophages, and T cells [1, 102]. 

Since both MCP-1 and MIP-1a are upregulated in other models of nerve injury 

[40, 46, 126, 131, 152, 165, 169-171], CT degeneration may also stimulate the 

release of these chemokines in order to initiate macrophage entry into the 

tongue. 

MCP-1 and MIP-1a are two chemokines involved in the recruitment of 

macrophages and monocytes (i.e. macrophage precursor cells) [37]. There is 

emerging evidence that these chemokines have an important role in wound 
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repair [28, 41]. . Importantly, MCP-1 and MIP-1a may also be involved in· the 

recruitment of macrophages an.d monocytes following nerve injury in the spinal 

cord [126], ·the sciatic rierve [165,- 170, 171], and sympathetic ganglia [152]. 

These chemokines also regulate the mobilization of macrophages to the olfactory 

epithelium following olfactory bulbectomy [40]. Therefore, we propose that MCP-

1 and MIP-1a are upregulated prior to mac~ophages entering the tongue 

following cT·section. 

Significance. Very little is known about how injury influences the taste system, 

especially in terms of immune system involvement. The CT may becorrie 

damaged in middle ear and oral surgery, which may ultimately lead to altered 

taste function [12, 18, 48, 69, 11 0]. Therefore, understanding the processes 

involved in neural regeneration of the peripheral taste system is important for 

future application to the clinically relevant issue of taste impairment. This work 

also provides much needed knowledge of the fundamental processes involved in 

neural plasticity and how to utilize the immune system to achieve functional 

recovery of other nerves after injury. 

The taste system provides an excellent environment for studying. the 

processes of nerve degeneration and regeneration. Anatomical and functional 

changes of a large population of sens~ry receptors and neurons can easily be 

visualized and measured, even at sites distal to the site of nerve injury. The 

majority of previous work is limited to changes only at the injury site. The two 

sides of the tongue allow us to assess a degenerating system at the same time 

as a nearby, intact system. The time course of neurophysiological changes and 
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the macrophage response to injury as well as with dietary Na+ restriction are well 

described. All of these factors support the use of the peripheral taste system as 

a model of nerve degeneration and regeneration. 



II. PUBLISHED MANUSCRIPTS 

A. Lipopolysaccharide-lnduced Up-Regulation of Activated Macrophages in the 

Degenerating Taste System. Melissa Ann Cavallin and Lynnette Phillips 

McCluskey. Journal of Neuroscience Research 80:75-84 (2005). 

Abstract 

Unilateral chorda tympani (CT) nerve section and maintenance on a 

sodium-restricted diet leads to a rapid decrease in neurophysiological taste 

responses to sodium in the contralateral, intact CT nerve [66]. Upregulation of 

immune function with lipopolysaccharide (LPS; 100 µg i.p.) induces a recovery of 

normal sodium taste responses, suggesting that the sodium-deficient diet is 

immunosuppressive [135]. In fact, there is a bilateral increase in the number of 

lingual, activated macrophages in control-fed rats receiving CT nerve section that 

does not occur in sodium-deficient rats after sectioning [104]. In . the current 

study, we hypothesized that the LPS-induced recovery of normal taste function in 

sodium-deficient rats [135] is based on an increase in the activated macrophage 

response to denervation. Rats receiving a unilateral CT nerve section, a sodium

restricted diet, and/or an injection of LPS (100 µg; i.p.) were overdosed with 

pentobarbital at day 2 post-sectioning, and tongues rapidly 

dissected and frozen. Cryosections were then immunohistochemically stained to 

15 
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determine the percentage of ED1 staining for activated macrophages or the 

number of a.f3 or yo T cells. Activated macrophage levels were significantly 

increased in sodium-restricted rats that received LPS following unilateral CT 

nerve section, supporting our hypothesis. These novel findings suggest 'that LPS 

overcomes the immunosuppression induced by the sodium-restricted diet, and 

also indicate that the immune system plays a role in regulating taste function 

after neural injury. 

Key Words: chorda tympani nerve, neuroimmune interactions, endotoxin, T cells 

Introduction 

The gustatory system of the adult rat is capable of tremendous plasticity. 

Sectioning of the chorda tympani (CT) nerve results in the degeneration of 

fungiform taste buds leading to a loss of taste function. As soon as regeneration 

of the CT nerve occurs, functional taste buds also reappear [22, 54, 123]. 

However, functional alteration_s occur when reinnervation of taste buds takes 

place under dietary sodium restriction. Adult rats that receive a low sodium diet 

in addition to unilateral CT section demonstrate selectively reduced taste 

responses to sodium after CT nerve regeneration [66], similar to what is 

observed during development [67]. There are also unexpected changes in 

. responses to sodium seen in the contrala~eral, intact nerve. Within days after 

contralateral CT sectioning, there is an attenuation of the response to sodium 

[66]. 

Dietary sodium restriction may affect taste responses by suppressing 

immune activity [138, 187]. The resulting deficit in leukocyte recruitment and 
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cytokines released by these immune cells was proposed to underlie deficits in 

sodium taste function following CT nerve section. Rats given lipopolysaccharide 

(LPS) to upregulate immune function following nerve section and dietary sodium 

restriction demonstrated a recovery of normal responses to sodium in the intact 

CT nerve. Interestingly, hypersensitive responses to sodium were observed in 

the intact CT nerve of rats receiving LPS, CT nerve section, and a control diet 

[135], suggesting that the immune activity can elevate sodium taste function to 

supranormal levels. 

Recent work has demonstrated a bilateral increase in activated lingual 

macrophages . following unilateral CT nerve section. This increase in 

macrophages is prevented by dietary sodium restriction [104]. Therefore, 

macrophages are present in groups that exhibit normal taste responses in the 

intact nerve, but are absent in sodium-restricted rats with decreased sodium 

taste function. This suggests that the activated macrophage response to 

degeneration is needed to maintain normal taste receptor cell function on the 

intact side of the tongue. 

In the current study, we hypothesized that the number· of leukocytes 

observed in rats receiving LPS in addition to CT nerve section and dietary 

sodium restriction would be increased to levels elicited by rats receiving CT 

nerve section and a normal diet. In other words, we predicted that LPS would 

overcome the effect of the low sodium diet and boost activated macrophage 

levels. This increase in immune activity would parallel the previously observed 

restoration of taste function in sodium-restricted rats receiving LPS as well as CT 
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nerve sectioning, and further suggest a role for macrophages in modulating taste 

function during degeneration as proposed by Phillips and Hill [135]. We also 

hypothesized that the number of leukoc~es observed in control-fed rats receiving 
,\ 

LPS and CT nerve section would dramatically increase above the level elicited by 

CT nerve section alone. This would parallel the previously observed 

hypersensitivity of sodium function [135]. Finally, . T cells were examined 

because LPS · is a broad-spectrum immune system activator and may increase 

the number· of lingual T cells responding- to degeneration of taste receptor cells 

and/or neurons. In sum, the effects of LPS on the leukocyte response to nerve 

sectioning have not been examined, despite its ability to dramatically change 

taste function. These experiments . are important' for determining the cellular . 

basis of immune modulation, of taste function, and more generally, will suggest 

mechanisms of functional plasticity after injury to sensory afferents and receptor 

cells. 

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. Male or female specified pathogen-free (SPF), 

Sprague Dawley rats (n=87 total; Charles River) were 35-65 days old at the time 

of nerve sectioning and/or sodium restriction. Taste responses to sodium are 

similar in male and female rats following CT sectioning and/or dietary sodium 

restriction [66]. Rats were housed in cages with barrier tops and received 

autoclaved food, bedding, and water. 
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Groups. The following groups were _examined: (1) Normal, unmanipulated 

control rats ("Control"); (2) Unilateral CT section followed by control diet ("Cut''); 

(3) Injection of LPS and maintenance on a control diet ("LPS"); (4) Unilateral CT 

section followed by control diet and injection of LPS ("LPS Cut"); and (5) 

Unilateral CT section followed by dietary sodium restriction and injection of LPS 

("Low Na+ LPS Cut"). 

Unilateral chorda tympani nerve section. As described previously, rats 

received an injection of atropine sulfate (0.5 mg/ml i.p.), followed by anesthesia 

with a mix of Ketamine (40 mg/kg i.p.) and Xylazine (10 mg/kg i.p.) [66]. Body 

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

right CT nerve was exposed in the neck and sectioned after its bifurcation from 

the lingual nerve [62, 66, 104, 105, 135]. The sutured incision was swabbed with 

Bactine® following the surgical procedure. 

Dietary sodium restriction and LPS injection. Following recovery from the. 

nerve sectioning procedure, rats in the low sodium group were given two 

inje~tions of the diuretic, furosemide (10 mg each within 24 hours i.p.; Sigma), 

low sodium chow (0.03% NaCl, ICN Biochemicals) and distilled water [62, 66, 

104, 105, 135] ad libitum. Rats in control-fed groups were maintained on a 

· control diet (1.0% NaCl) and tap water. On day 1 post-sectioning, rats in some 

treatment groups also received an injection of LPS (100 µg in sterile distilled 

water i.p.; Escherichia coli serotype 026:86; Sigma). This dose was used in 

previous wbrk [135], and stimulates immune function without causing clinical 

signs of infection. 
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Tissue collection and immunohistochemistry. Tissue collection was 

performed as in previous work [104]. At day 2 following nerve section ( day 0), 

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

rapidly dissected (n=76 rats). This time point was chosen because peak lingual 

macrophages levels occur on day 2 following CT nerve section [104]. In a subset 

of rats, spleens and portions of small intestine (gut) were also collected for 

positive staining controls. In an additional group of rats (n=11 ), blood was 

obtained for flow cytometry. Freezing of the tissue and cryosectioning at 8 µm 

was performed as in previous work (104, 105, 162]. Approximately 150 coronal 

sections were collected from the anterior tongue, while ~ 75 sections each were 

collected from the mid and caudal regions. 

Antibodies that detect activated macrophages (ED1; Serotec; 1 :400), a.fl T 

cell receptors (R73; Cedarlane; 1 :10), and yo T cell receptors (V65; Cedarlane; 

1 : 10) were used t~ identify leukocytes as previously described [104, 136]. 

Biotinylated goat anti-mouse lgG (Jackson; 1: 100) was used as the secondary 

antibody: Non-specific staining was assessed in each assay by omitting the 

primary antibody on. selected slides. Each assay also. included spleen sections 

as a positive staining control for macrophages and a.fl T cells, and gut sections 

. as a positive control for yo T cells. 

Image analysis. lmmunolabeled leukocytes were analyzed with a computer 

imaging system equipped with a digital color camera (Cool Snap; Roper 

Sci_entific) and MetaMorph software (Universal· Imaging Corporation) as 

described previously (104]. Images were captured at 50x and were used to 
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quantify leukocytes in four regions/coronal section: ( 1 ) the denervated epitheJium 

and lamina propria; (2) the denervated submucosa and muscle; (3) the intact, 

contralateral epithelium and lamina propria; and ( 4) the intact submucosa and 

muscle. lmmunopositive leukocytes inside vessels were not counted, as fresh

frozen tissue may contain variable numbers of intravascular leukocytes [104]. 

For each region described, a standard-sized region of interest was placed 

to encompass the most immunopositive· label. As described previously, this 

region of interest was 206.4 mm2/section for quantifying macrophages, and 309.6 

mm2/section for T cell counts [104]. To quantify macrophages, four images (12.9 

mm2
) each were acquired in the submucosa/muscle and the epithelium/lamina 

propria regions on the cut (right) or intact (left) sides of the tongue. The process 

used to select sections for imaging was standardized [104]. Since, macrophages 

are difficult to count because of their wispy processes, stained pixels were 

digitally marked on each image, and the percentage of stained pixels/standard 

area was determined in order to quantify macrophages. While changes in the 

area occupied by macrophage processes may be due to a change in the cell size 

instead of cell number [52], previous work demonstrated that the size of ED1+ 

macrophages did not differ following CT section or dietary sodium restriction 

[104]. 

Six images (12.9 mm2
) were acquired on each side of the tongue for T cell 

counts. Few T cells were observed; therefore, T cell counts for each side of the 

tongue were combined to reflect the combined total number of cells in the 

epithelium/lamina propria and the submucosa/muscle regions for the cut vs. 
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intact side. T cells are round and easily counted, so numbers of R73+ and V65+ 

T cells/standard area were obtained for each rat [104). 

Flow cytometry. Additional rats (n=11) were used to determine whether LPS 

affects circulating ED1 + monocytes, which are the precursors of tissue 

macrophages [49). Two independent flow cytometry experiments were 

performed on four groups of rats: (1) Control, (2)_LPS, (3) LPS Cut, and (4) Low 

Na+ LPS Cut. As previously described, whole blood was collected via cardiac 

puncture into EDT A-containing vacutainers (Becton Dickinson) [104]. CD45+ 

B cells, which were not expected to differ between treatment groups, were 

labeled with a PE-conjugated OX33 antibody for comparison (Cedarlane; 1: 100 

in PBS) [104]. Monocytes were stained with a FITC-conjugated ED1 antibody 

(Serotec; 1 :100 in Perm Wash; Becton Dickfnson) [104]. Double negative control 

samples (incubated with diluent alone) and single positive control samples (ED1 

alone or OX33 alone) were also analyzed for each group in each experiment 

[104). Samples were analyzed on a FACSCalibur flow cytometer (Becton and 

Dickinson) with Cell Quest software (Becton and Dickinson) in the MCG FACS 

Core Facility [104]. 

Statistical analyses. The percentage of stained pixels/standard area 

(macrophages) and the number of lymphocytes/standard area (T cells) on the 

denervated vs. the intact side of the tongue were compared with ANOVAs 

followed by Newma,n-Keuls post-tests where appropriate (a. of ps0.05). For flow 

cytometry experiments, the mean gated percentage of ED1+ monocytes/CD45+ B 
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cells in each group were compared with ANOVAs fC:>llowed by Newman-Keuls 

post-tests where appropriate (a of ps0.05). 

Results 

Macrophage response to denervation and LPS stimulation. Spleen sections 

were used as positive staining controls, since they have an abundant ED1 + 

macrophage population (Fig. 3A) [1]. Antibody-omitted negative control sections 

n showed minimal non-specific staining (Fig. 38 and H). In the Control (Fig. 3C) 

and LPS (Fig. 3D) groups there were few macrophages on either side of the 

tongue. In contrast, there was an increase in ED1+ macrophages on both the cut 

and uncut sides of the tongue followi~g unilateral CT sectioning (Fig. 3E), as 

shown previously [104]. The. group that received LPS in addition to unilateral CT 

section (LPS Cut group) demonstrated an even greater increase in ED1+ 

macrophages on both sides of the tongue (Fig. 3F). Sodium-restricted rats that 

received LPS in addition to CT section (Low Na+ LPS Cutgroup) also showed an 

increase in macrophages on both sides of the tongue, so that the ED1 staining 

appeared similar to that in rats receiving CT section alone (Fig. 3G). Thus, while 

the macrophage response to denervation fails to occur in sodium-restricted rats 

[104], the addition of LPS increases macrophage levels on both sides of the 

tongue. Rats that receive this treatment alsQ demonstrate a recovery of normal 

sodium taste function [135]. 
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Figure 3 Images of ED1+ activated macrophages (brown immunopositive cells) 
in the tongue submucosa and spleen at day 2 after nerve section. (A) Numerous 
ED1+ macrophages are found in the red pulp of positive control sections of 
spleen, included in each assay. (BJ ED1 primary antibody omission 
demonstrated minimal nonspecific staining in spleen sections. Few ED1+ lingual 
macrophages are pre$ent in the Control group (CJ or the LPS group (D). · (EJ 
ED1+ macrophages in the s11bmucosa on the cut side of the tongue in rats 
receiving a unilateral chorda tympani nerve section while on a control qiet (Cut). 
Macrophages were often observed near lingual vessels (stars). (FJ ED1+ 
macrophages from the lingual submucosa on the cut side of the tongue of rats on 
a control diet receiving LPS stimulation in addition to unilateral chorda tympani 
nerve section (LPS Cut). (G) Macrophages in the submucosa on the cut side of 
the tongue from rats on a low sodium diet receiving LPS stimulation and a 
unilateral chorda tympani nerve section (Low Na+ LPS Cut). Note the increase in 
ED1+ staining in E, F, and G compared to C and D. (HJ ED1 primary antibody 
omission a/so elicited minimal background staining in tongµe sections. Scale 
bar=30µm. 
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Since macrophages are proposed to modulate taste receptor cell function, 

we examined the subset of ED1 + macrophages within fungiform papillae, 

epithelium, and lamina propria to note changes with treatment. Macrophages 

are rarely found _in fungiform papillae on either side of the tongue in the LPS 

group (Fig. 4A-B) or Control group (data not shown). However, there was a 

bilateral increase in ED1+ macrophages within fungiform papillae of rats in the 

Cut (Fig. 4C-D) and the LPS Cut groups (Fig. 4E-F). There were also ED1 + 

macrophages present within fungiform papillae ( e.g. in close proximity to the 

taste bud) in the Low Na+ Cut group (Fig. 4G-H). These results are similar to 

what was obs~rved in the lingual submucosa. 

The percentage of ED1 immunoreactivity for activated· macrophages in 

each group is shown in Fig. 5. ED1 levels from rats receiving a unilateral CT 

nerve section and a sbdium-restricted diet- (Low Na+ Cut; n=6; indicated by an *) 

from a previous study are shown for comparison [104]. There were no significant 

differences between the Control, LPS, and Low Na+ Cut groups for either side of 

the tongue (n=6 rats/group; p>0.05). In contrast, macrophage levels on both the 

denervated and intact sides·of the tongue.in the Cut, LPS Cut,,and Low Na+ LPS 

Cut groups were significantly increased (n=6 rats/group; p<0.001-0.05). In 

comparing the two sides of the tongue within groups, macrophage levels on the 

denervated side of the tongue were significantly higher than on the uncut side in 

the Cut, Low Na+ Cut, and LPS Cut groups (p<0.05). There were also more 

macrophages on the cut side of the LPS Cut group than on either side of the Low 

Na+ LPS Cut group (p<0.01-0.05). Therefore, adding LPS to stimulate immune 



26 

function after denervation increased ED1+ staining of macrophages on both sides 

. . 

of the tongue. LPS was also able to overcome the immunosuppressive effect of 

the low sodium diet shown previously [104]. 

Figure 4 ED1+ activated macrophages (brown immunopositive cells) in 
fungiform papillae near associated taste buds (arrows) on the cut side (A, C, E, 
and G) and the uncut side (B, D; F, and H) of the tongue. There are few ED1+ 
macrophages in fungiform papillae from rats in the LPS group on · both the cut 
side (A) and the uncut side (BJ. Similar results are seen in the Control group 
(data not shown). Macrophages are found ·within fungiform papillae (i.e. adjacent 
to the taste bud) on the cut side (CJ and the uncut side (DJ of.the tongue from 
rats in the Cut group. ED1+ macrophages were also observed in fungiform 
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papillae in rats from the LPS Cut group on both the cut side (E) and the uncut 
side (F). The cut side (G) and the uncut side (HJ on the tongue in rats in the Low 
Na+ LPS Cut group also have ED1+ macrophages in close proximity to taste 
buds. Note the increase in ED1+ staining in panels C-H compared to panels A 
and B. Arrows point to fungiform taste buds. Scale bar=30 µrn. 
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Figure 5 Analysis of activated macrophages (% ED1/standard area) after 
chorda tympani nerve section, LPS stimulation, and/or dietary sodium restriction. 
Solid bars represent the denervated side of the tongue (the right side of the 
tongue for the Control and LPS groups). Striped bars represent the intact, 
contralateral side of the tongue (the left side of the tongue for the Control and 
LPS groups). There is a bilateral increase in macrophages in the Cut, LPS Cut, 
and Low Na+ LPS Cut groups compared to the Control, LPS, and Low Na+ Cut 
groups (A = p < 0.05). Compared with the absence of a macrophage response 
to denervation in sodium-restricted rats, which is shown solely for comparison 
(star; McCluskey, 2004), there is a robust macrophage response in rats that also 
receive an injection of LPS after CT sectioning. In fact, macrophage levels from 
Low Na+ LPS Cut rats are similar to those in the Cut group. In addition, there 
are more macrophages on the cut side of the Cut group vs. the uncut sides of the 
Cut and Low Na+ LPS Cut groups (B = p< 0.05). There are also more 
macrophages on the cut side of the LPS Cut groups compared to the uncut side 
of the Cut group (D= p<0.05). Finally, the uncut side of the LPS Cut group is 
significantly elevated vs. the cut side of the LPS Cut group compared to the 
uncut side of the LPS Cut group and the cut side of the Low Na+ LPS Cut group 
(E= p<0.01). 
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Effect of denervation and LPS · stimulation on extra-lingual 

monocytes/macrophages. LPS is a widespread immune system activator, so 

subsequent experiments determined whether ED1 + cells also increased at non

injured sites. Since ED1 + macrophages are abundant in spleen, immunoassays 

and image analysis were performed on a subset of rats from the LPS, LPS Cut, 

and Low Na+ LPS Cut groups (n=6 rats/group). There were no significant 

differences in the numbers of splenic ED1 + macrophages among the treatment 

groups (p=0.26) (data not shown). Therefore, while LPS stimulation in addition to 

CT nerve sectioning increased the number of lingual macrophages responding to 

denervation, the levels of splenic macrophages remained unchanged. 

Flow cytometric analysis was performed to determine whether LPS 

stimulation increased the number of ED1 + circulating monocytes, which are the 

precursors of activated macrophages. An increase in the number of cells 

available for entry to the site of degeneration could be responsible for elevated 

macrophage levels in the tongue [49]. Two independent flow cytometry 

experiments were performed on blood from three groups of rats: LPS, LPS Cut, 

and Low Na+ LPS Cut (n=3 rats/group total). One unmanipulated control rat was 

included in one experiment for reference. CD45+ B cells were labeled for 

comparison to ED1 + monocytes because there is little evidence that B cell 

numbers change following neural injury in other systems. Representative plots 

from the LPS, the LPS Cut, and the Low Na+ LPS Cut groups show that the 

circulating ED1+ population was not different among the treatment groups (Fig. 

6A-C). Likewise, the mean values for ED1/CD45 ratios were not significantly 



29 

different among treatment groups (p=0.57; Fig. 6D). These results also suggest 

that the increase in lingual_ macrophages observed in the LPS Cut group was not 

due to an increase in the pool of circulating monocytes. Importantly, the lack of 

an effect of LPS on splenic ED1+ macrophages or circulating monocytes 

suggests that the increased macrophage response is localized to the . site of 

neural injury. However, we cannot rule out the possibility that LP~ alters ED1 

macrophage levels in other tissues (e.g. skin) at this time. 

T cell response to denervation and LPS stimulation. Most T cells express the 

af3 form of the T cell receptor, and participate mainly in antigen recognition [1 ]. A 

small subpopulation of T cells bears the y6 form of the T cell receptor. These T 

cells are present in the epithelia [74], and play a role in the maintenance, 

turnover, and repair of epithelial cells in both normal and post-injury conditions 

[14, 183]. In this study, both af3 and yo T cells were examined in adjacent lingual 

sections. 
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Figure 6 Flow cytometric analysis of ED1+ monocytes iri whole blood after LPS 
stimulation, chorda tympani nerve section, and/or dietary sodium restriction. This 
figure is representative of results from two independent experiments. (A) Stained 
leukocytes from a rat receiving LPS stimulation and a control diet. The 
percentage of gated ED1+ monocytes (19.31%) is represented in the lower right 
quadrant. The percentage of gated OX33+ CD45 B cells (13.6%) is shown in the 
upper left quadrant. (BJ Stained leukocytes from a rat receiving a unilateial 
chorda tympani nerve section, LPS stimulation, and a control diet. ED1+ 
monocytes_ were 13.06% of the gated cells, while OX33+ CD45 B cells were 
21.46% of the gated cells. (CJ Stained leukocytes from a rat receiving a 
unilateral chorda tympani nerve section, LPS stimulation, and a low sodium diet. 
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ED1+ monocytes were 10.05% of the gated cells, while OX33+ CD45 B cells were 
13.43% of the gated cells. (DJ Mean data from the two independent experiments 
demonstrates that there is no difference in the ratio of circulating monocytes to B 
cells among the groups (p>0.05). Leukocyte counts from a control rat are 
included for reference and appear similar to those from other groups. 

Table I. Mean Number of T Cells (± S.E.M.) 
R73 (af3) -V65 (yo) 

Treatment Group Cut Sidea Uncut Sidea Cut Sidea Uncut Sidea 
Control6 1.17 ± 0.60 1.00 ± 0.63 0.50 ± 0.34 0.67 ± 0.49 
Cut 2.00 ± 1.22 1.00 ± 0.58 2. 75 ± 1.89 2.50 ± 1.89 
LPS 0.57 ± 0.30 1.00 ± 0.49 6.50 ± 1.50c 6.50 ± 1.19c 
LPS Cut 0.40 ± 0.40 0.80 ± 0.49 0.25 ± 0.25 0. 75 ± 0. 75 
Low Na+ LPS Cut 3.50 ± 1.04 2.75 ± 1.25 3.50 ± 1.04 2.75 ± 1.25 
a The cell counts in each column represent the total mean number of T 
cells from the epithelium/lamina propria plus the submucosa/muscle 
regions for each side of the tongue. 

b In the control group the "cut" side refers to the right side of the tongue 
and the "uncut" side to the left side. 

c p<0.05 compared to both sides of the tongue in the Control and LPS Cut 
treatment groups 

R73+ af3 T cells were found in most of the lingual areas examined, 

although they were rarely seen in the epithelium and the underlying lamina 

propria (n=4-7 rats/group; Table I). Each immunoassay included spleen sections 

for positive staining controls (Fig. 7 A) and antibody-omitted negative control 

sections of tongue and spleen (Fig. 78) to examine non-specific staining. af3 T 

cells often appeared oblong or teardrop shaped and were sparse in all treatment 

groups (Fig. 7C-D). As shown in Table I, there were typically only one to two 
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Figure 7 lmmunopositive R73+ ap T cells and V6s+ · y5 T cells (brown) at day 2 
after chorda tympani nerve section in a control-:-.fed rat. (A) Positive control· 

· section of spleen containing many R73+ ap T cells~- -(BJ There is minimal· 
nonspecific staining observed in a section of spleen when the R73 prirnary 
antibody was omitted. (C a~d DJ R73+ T cells are observed c;;n the section(?)(} 

- : side of the tongue in very small numbers and-have an qlJ/ong orteardrop-_shaped 
appearance. Similar results were seen on the intact, contralateral side (data not 
shown). (CJ A representative R73+ T cell within the subrhucosalmuscle region of. 
the tongue . . (D) A representative R73+ T cell. near the lamfna ptopria (top of:• .. 
pan({JIJ in the tongue,. (EJ Positive control for V6s+ yo T re.lls (brown cell$) staining . 

. within a viJ!us of fhe small ir1festine. (F) · Omis_si<;m of the · V65 primary antibody 
demonstrates minimal nonspecific staining within .a villus of the small intestine.· 
(G) V6s+ T cell locatedwithin·the submucosa cm fhe cut side of the tongue. :(HJ:··· 
V65+ T cells located within the submucosa -on the uncut side of the tongue. Note 

_ that yo T cells were . only spdradically present in the epithelium/lamina propria . 
region. Scale bar=30µm. . 
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cells on the cut or uncut side of the tongue following CT nerve section. There 

were no significant differences in the mean number of R73+ cells on either side of 
. . 

the tongue among treatment groups (p=0.81 ). 

V65+ yo T cells are present in many epithelia, such as the small intestine 

[1 ], which was used for positive staining controls (Fig. 7E). Small intestine and 

tongue sections were also used as antibody-omitted. negative controls (Fig. 7F). 

V65+ T cells w,ere found in most areas of the· tongue, but only rarely in the lingual 

epithelium and the underlying lamina propria (n=4-6 rats/group; Fig. 7G-H). · In 

the LPS group, the number of V65+ T cells on both the cut side and the uncut 

side of the tongue was significantly higher than the number on both sides of the 

tongue in the Control and LPS Cut group (p<0.0S)(Table I). However, there were 

< 7 cells in the LPS group compared to -1 cell for both the Control and LPS Cut 

groups, so the biological relevance of this finding is unclear at present (Table I). 

In summary, LPS stimulation along with denervation did not induce a significant 

increase in a~ T cells, but yo T cells were increased after treatment with LPS 

alone. 

Discussion 

These results suggest that the level of activated macrophages in the 

tongue parallels the neurophysiological taste responses to sodium recorded from 

the intact CT nerve after contralateral nerve section and injection of LPS. In 

previous work, a low sodium diet in combination with unilateral CT section 

induced a rapid decrease in sodium taste responses in the intact CT nerve [66]. 

These neurophysiological deficits could be restored to control levels by a single 
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injection of LPS to boost immune function [135]. Following nerve. section and 

sodium restriction, we demonstrate here that LPS also restores the number of 

macrophages to levels similar to those in control-fed rats that receive nerve 

section. In a further parallel between macrophage levels and taste function, LPS 

injection alone did not affect sodium responses in past experiments [135], and 

did not affect the number of macrophages in the current study. These results 

taken together suggest that the level of activated macrophages mirrors 

neurophysiological taste responses to sodium. 

One exception relates to the hypersensitive taste responses to sodium 

observed in the contralateral, intact CT nerve of rats receiving LPS stimulation, a 

control diet, and unilateral CT nerve section [135]. We show that there is a 

tendency for the level of activated macrophages to be elevated in that group 

(LPS Cut) vs. control-fed rats that received unilateral CT nerve section, but this 

trend did not reach significance. The divergence between macrophage levels 

and sodium taste responses in this treatment group suggests that an additional 

set of rules is imposed when macrophage levels are already elevated. For 

example, LPS could stimulate a neutrophil response to degeneration, which may 

induce the release of different cytokines or growth factors that modulate taste 

receptor cell function. Future experiments are planned to investigate this 

possibility. 

The effect of LPS and denervation on activated macrophages appears to 

be localized to the tongue since there was no change in the number of circulating 

monocytes (i.e. cellular precursors to macrophages) or splenic macrophages in 
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response to any treatment. While systemic LPS reduces macrophages found 

within the marginal zone of spleen, macrophage levels within the red pulp remain 

stable [51]. Because marginal zone macrophages are ED3+ but ED1 negative 

[27], we did not detect them in the current work, and cannot rule out the 

possibility that LPS altered macrophage subsets within this splenic compartment, 

or at other non-injured tissue sites. However, since macrophages within the 

marginal zone are a relatively static population that are unlikely to migrate in 

response to degeneration [111], we suggest that LPS effects on the number of 

circulating or splenic macrophages do not account for our results. Rather, LPS 

injection is proposed to increase the activated macrophage· response to CT nerve 

sectioning ( despite dietary sodium restriction) by upregulating the expression of 

adhesion molecules at the site of neural injury [1, 20, 128, 146, 175). This 

increase in vascular adhesion molecules such as ICAM-1 or VCAM-1 would 

amplify macrophage entry to the tongue. 

Previously, McCluskey [104] proposed a model for immune modulation of 

taste receptor function. Specifically, unilateral CT nerve sectioning is predicted 

to recruit activated macrophages to both the denervated and intact, contralateral 

sides of the tongue, where they release growth factors and/or cytokines. These 

extracellular factors may then regulate the function of intact taste receptor cells. 

We suggest-_ that macrophages within the lingual epitheliu·m and- most of those 

within the muscle/submucosa are within range of signaling taste receptor cells 

via secreted factors. For example, 36% of the macrophages in the Low Na+ LPS 

Cut group are found within the lingual epithelium/lamina propria, and changes in 
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the concentration of nitric oxide have been detected 100-500 µm from activated 

macrophages [139]. More distant submucosal macrophages could affect distant 

taste receptor cells by releasing cytokines, leading to paracrine activation of 

neighboring tissue r~sident macrophages. , Activation of resident macrophag~s 

would result in additional release of cytokines, spreading outward toward taste 

receptor cells. In fact, paracrine effects of macrophages have been shown at 

sites distant to the initial inflammation in vivo [11] and in vitro [85]. 

It is not clear whether T cells play a major a role_ in our model of nerve 

degeneration. We observed very few, a.f3 (i.e. "classical") T cells in the tongue, 

and their numbers did not change in any treatment group. In general, the 

numbers of y6 epithelial T cells were also low and did not vary· with treatment. 

There was a significant increase in the number of these cells observed in rats 

that received LPS stimulation alone, but only from one to seven cells/standard 

area. LPS has been shown to increase y6 T cells in other systems, such as the 

pleural cavity [127, 160). However, y6 T cells were n·ot increased in two other 

groups that received LPS. Furthermore, since we observed only a small number 

of y6 T cells, the biological relevance of the increase in the LPS group is unclear. 

The possibility remains, however, that even a few T cells present deep in the 

submucosa/muscle region can affect macrophage phenotype as well as the 

expression of vascular adhesion molecules [1, 43). 

There is conflicting evidence as to whether immune cell activation is 

beneficial or harmful to neurons. LPS binding to CD14 and activation of Toll-like 

receptor 4 (TLR4) on microglia-macrophage-like cells of the central nervous 
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system (CNS)-leads to neurodegeneration of cortical neurons in vitro [93]. LPS 

also induces neuronal cell death by upregulating the inducible form of nitric oxide 

synthase (iNOS) in the hippocampus [92] and the cochlea [158]. However, 

activation of macrophages or microglia has also been shown to aid in 

regeneration of neurons in the spinal cord [140] and optic nerve [94]. A possible 

explanation fo_r these contrasting reports is that there are two mechani~ms for 

macrophage activation: classical_ and alternative. LPS induces classical 

activation leading to the production of Th1 proinflammatory cytokines, including 

lnterleuk_in-12 (IL-12), which often cause tissue damage_ [1, 43]. Alternatively 

activated macrophages are induced by the Th2 cytokines IL-4, IL-13, and 

possibly IL-10 [43, 45], and are likely to.be important for tissue repair, as seen 

after sciatic nerve· injury [4, 45]. We suggest that alternatively activated 

macrophages are important for promoting repair and maintenance of normal 

neurophysiological Na+ taste responses following CT nerve transaction under 

normal dietary conditions. In the current work, while LPS may be leading to 

classical activation of macrophages in sodium-restricted rats, it appears that this 

treatment can also stimulate normal neurophysiologicaJ Na+ taste responses 

[135]. In the present study, we have demonstrated that macrophage activation 

appears to have a beneficial role in the degenerating taste system. Our current 

focus is to identify the signaling molecules secreted by macrophages that 

accomplish this task. 

We have provided novel, compelling evidence that supports a role for 

activated macrophages in the modulation of taste receptor function following LPS 
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stimulation.· Future experiments will focus on the extracellular factors secreted 

by macrophages that respond to CT nerve sectioning, and the effect(s) of these 

factors on taste receptor cell function. This work is consistent with the important 

role of activated macrophages in other degenerating neural and sensory systems 

[10, 15, 39, 83, 100, 140, 177, 190], and increases our understanding of immune 

influences on functional changes following neural injury. 
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Abstract 

In the peripheral taste system, activated macrophages are recruited to 

both sides of the tongue following unilateral sectioning of the chorda tympani 

nerve (CT). Neural degeneration elicits macrophage entry in other systems by 

upregulating vascular adhesion molecules. We hypothesize_d that CT sectioning 

leads to a bilateral increase in intracellular adhesion molecule (ICAM)-1 and 

vascular cell adhesion molecule (VCAM)-1 expression on lingual vessels. To 

test this hypothesis, rats were euthanized at time points from 6 hours to 7 days 

post-sectioning. Frozen sections of tongue were processed for 

immunohistochemical staining for ICAM-1 .and VCAM-1. Tongue homogenates 

from additional rats were analyzed with ELISAs. ICAM-1 expression increases 

first on the denervated side of the tongue at 24 hours post-section and then on 

the uninjured side at 48 hours post-section.lCAM-1 remains elevated through day 

39 



40 

7 post-sectioning on both sides of the tongue. Dietary sodium restriction, which 

prevents the macrophage response to nerve sectioning, had no effect on ICAM-1 

levels. VCAM-1 + vessels are increased on the denervated side of the tongue at 

24-48 hours post-section in control-fed rats. However, dietary sodium restriction 

prevents the increase. These results indicate that vascular adhesion molecules 

are differentially regulated by CT sectioning. We suggest that macrophage entry, 

migration, and modulation of taste function are downstream of dynamic 

expression of adhesion molecules. 

Keywords: chorda tympani nerve, neuroimmune interactions, macrophage 

recruitment, dietary sodium restriction, neural degeneration 

Introduction 

Chorda tympani nerve (CT) transaction in the adult rat results in 

degeneration of distal nerve fibers and associated fungiform taste buds and the 

consequent loss of taste function. After about six weeks, regeneration of the CT 

leads to the reappearance of functional taste buds [22, 54, . 123). The 

environment can influence taste function during degeneration and regeneration. 

Adult rats receiving a sodium-:-restricted diet in addition to unilateral CT section 

have reduced taste responses to sodium salts after regeneration [66). 

Interestingly, the contralateral, intact nerve is also affected. In the days following 

contralateral CT section, neural responses to sodium drastically decrease in the 

intact nerve [66]. 

Recent work has revealed that lingual macrophages are associated with 

the maintenance of normal taste function in the intact CT soon after contralateral 
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nerve injury. Normally after CT section, there is a bilateral increase in a~tivated 

lingual macrophages. However, the macrophage response is prevented by the 

administration of a sodium-restricted diet [104]. This parallels the decreased 

taste responses to sodium in sodium-restricted rats [66]. Both normal taste 

function and the macrophage response can be restored by activating the immune 

system with lipopolysaccharide immediately following nerve section [21, 135]. 

These studies support the hypothesis that macrophages modulate taste function 

after neural injury. 

The ·mechanisms. r~sponsible for macrophage recruitment to the injured 

taste system are unknown. Intracellular adhesion molecule (ICAM)-1 and 

vascular cell adhesion molecule (VCAM)-1 are the predominant mediators of 

monocyte. and macrophage. recruitment from the systemic circulation to damaged 

or infected tissues [26, 29, 73, .80, 106, 107, 178]. · Multiple cell types, including 

endothelial cells, epithelial cells, leukocytes, fibroblasts, and Schwann cells 

express ICAM-1 in other systems [19, 30, 33, 98, 146]. ICAM-1 expression is 

increased in many nerve injury models [3, 20, 44, 59, 141, 146, 155, 164, 181]. 

ICAM-1 is present on vessels in human t_ongue [31 ], but the effect of nerve injury 

on its expression is unknown. VCAM-1 is also upregulated following nerve injury 

in the central and peripheral nervous systems [8, 20, 44, 59, 155, 164] and in the 

axotomized olfactory epithelium [38]. 

In the current study, we hypothesize that ICAM-1 and VCAM-1 are 

increased by unilateral CT section, thus allowing macrophages to enter the 

tongue by transmigration across v~ssel walls. We also propose that dietary 
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sodium restriction prevents the upregulation of ICAM-1 and VCAM-1, underlying 

the absence of activated macrophages after nerve section [104]. In summary, 

the current study will provide key insights into the mechanisms of macrophage 

recruitment into the tongue~ following neural injury and degeneration of target 

sensory cells. These experiments will also be important for determining a novel 

role of adhesion molecules in modulating taste function. 

Materials and Methods 

Animals. Female specified pathogen-free (SPF), Sprague Dawley rats (n=104 

total; Charles River) were 37-58 days old at the time of nerve sectioning. Rats 

were housed in cages with barrier tops and received autoclaved food, bedding, 

and water. The Institutional Animal Care and Use Committee of the Medical 

College of Georgia approved all protocols, which followed guidelines set by the 

National Institutes of Health. 

Groups. Groups received the following treatments: { 1) unilateral CT sham 

surgery ("Sham"); (2) unilateral CT section ("Cut"); and {3) unilateral CT section 

followed by a sodium-restricted diet C'Cut + Diet"). 

Unilateral chorda tympani nerve section. Rats received an injection of 

atropine sulfate (0.5 mg/ml i.p.), followed by anesthesia with a mix of Ketamine 

( 40 mg/kg i. p.) and Xylazine ( 10 mg/kg i. p. ), and nerve section was performed as 

previously described [21, 62, 66, 104, 105, 135]. Body temperature was 

maintained between 36 and 38°C with a hot water pad. The right CT was 1 

exposed iry the neck and sectioned after its bifurcation from the lingual nerve. 

The sutured incision was swabbed with Bactine® following the surgical 
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procedure. Animals receiving sham surgery had the right CT exposed, but the 

nerve was not sectioned. 

Dietary sodium restriction~ Following recovery from the nerve sectioning 

procedure, rats in the sodium-restricted group were given two injections of the 

diuretic furosemide (10 mg each within 24 hours i.p., MP Biomedicals), low 

sodium chow (0.03% NaCl, MP Biomedicals), and distilled water ad libitum [21, 

62, 66, 104, 105, 135]. Rats ·in control-fed groups were maintained on a control 

diet (0.25% NaCl) and tap water. 

Tissue collection and immunohistochemistry. Tissue collection was 

performed as in previous work [21, 104, 105]. At several time points following 

nerve section "{day 0), rats were overdosed with sodium pentobarbital (80 mg/kg 

i.p.) and tongues rapidly dissected (n=44 rats). In a subset of rats, lymph nodes 

and portions of small intestine were also collected for positive staining controls. 

Frozen tissues were cryosectioned at 8 µm. Approximately 150 coronal sections 

were collected from the anterior tongue, while ~75 sections each were collected 

from the mid and caudal regions. 

lmmunohistochemical assays were performed as described previously 

[21, 104]. We used primary antibodies to ICAM-1 (mouse anti rat 1:1000; AbD 

Serotec), VCAM~1 (mouse anti rat 1 :250; Covance), an isotype-matched mouse 

lgG1 (1:1000; Neomarkers), and an isotype-matched mouse lgG2a (1 :250; AbD 

Serotec). Biotin-conjugated goat anti mouse lgG (1 :100; Jackson 

lmmunoResearch Laboratories, Inc.) was used as the secondary antibody 
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followed by incubation with avidin-biotin complex (Vector). Diaminobenzidine 

(Sigma) was used as the chromogen. 

Image analysis. lmmunolabeled vessels were analyzed with a computer 

imaging system equipped with a digital color camera (Cool Snap; Roper 

Scientific) and MetaMorph software (Universal Imaging Corporation) as 

described previously [104]. Images were captured at 50x for analysis. 

VCAM-1+ vessels were quantified on the cut (right) side and the intact 

(left) side of the tongue across the tip, mid, and rear regions of the CT field (n=28 

rats). For each side, VCAM-1 immunopositive vessels were counted separately. 

The process used to select sections for imaging was standardized [104]. For 

each section selected (i.e. from tip, mid and rear), every immunopositive vessel 

was counted. The investigator performing the image analysis was blinded to the 

experimental condition and tongue region. 

Tissue collection and ELISA. Tissues from subsets of rats from each group 

(n=60 rats) were used to quantify relative changes in ICAM7"1 on the two sides of 

the tongue (CT cut vs. intact side) following CT -~ect,on. Under deep anesthesia 

with sodium pentobarbital (80 mg/kg; i.p.), intracardiac perfusion of PBS was 

followed by a solution of proteinase. inhibitors [aprotinin (1 mg/ml; Sigma), 

leupeptin (1 mg/ml; Sigma), and pepstatin (1 mg/ml; Sigma) in cold PBS). 

Perfused tongues were quickly dissected and sectioned longitudinally into the 

right half (CT sectioned side) and the left half (intact CT side). Each half was 

flash frozen in liquid nitrogen, pulverized, and weighed. The samples were then 

homogenized in modified radioimmunoprecipitation (RIPA) buffer (Upstate). 
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Enzyme-linked immunosorbent assay {ELISA) kits {rat ICAM-1; R & D 

Systems; detection threshold 2 pg/ml) were utilized for determining ICAM-1 

protein expression in tongue homogenates from sham animals and at various 

time points following unilateral CT section. The assays were run according to 

manufacturer's instructions. Samples were diluted by 50-fold and analyzed in 

duplicate on an EL800 (Bio-Tek) microplate reader for absorbance at 450 nm 

with a reference wavelength of 540 nm. Four-parameter logistic (4-PL) curve-fit 

analysis (KC Junior Software) was used to generate standard curves based on 

known concentrations of recombinant rat ICAM-1. The data was expressed as 

pg ICAM-1/mg total protein. 

Statistical analyses. Mean ICAM-1 values or number of VCAM-1 + vessels from 

the cut and intact sides of the tongue were compared to mean sham values using 

ANOVAs followed by Dunnett's tests for multiple comparisons where appropriate 

(a of p ~ 0.05). This allowed us to determine the effect _of unilateral CT 

s~ctioning at each post-sectioning period. Values from control-fed and sodium

restricted rats were compared with separate Student's t tests at each time point 

(a of p~ 0.05). 

Results 

ICAM-1 is expressed on lingual vessels. We used immunohistochemical 

assays to localize lingual ICAM-1 expression following sensory nerve injury and 
I 

denervation of taste buds (Fig. 8). The endothelial layer of vessels within the 

lingual submucosa and muscle exhibited strong ICAM-1 expression in both 

sham-operated (Fig. 8A-B) and CT-sectioned rats (Fig. 8D-E). lmmunopositive 
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vessels were also observed within ihe core of fungiform papillae in sham

operated rats (Fig. BC) and after CT transaction (Fig. BF). ICAM-1 expression 

was limited to vessels in each group. These included vessels of multiple sizes 

and wall thicknesses in similar distributions on both sides of the tongue. ICAM-1 

expression was also similar across the three regio~s _of the fungiform field 

examined. Thus, many ICAM-1 + vessels were· present regardless of surgical or 

dietary treatment. Given the -heavy staining of vessels in each group, qualitative 

assessment of the amount _of ICAM-1 per vessel could not be ·-.determined. 

Therefore, quantitative ELISAs were performed ·c $ee below). Sections of small 

inte~tine were used as a positive control for I.CAM-1 expression because the 

numerous vessels within the villi exhibit robust ICAM-1 expression (Fig. BG). 

Substitution of the ICAM-1 primary antibody with an isotype-matched negative 

control antibody resulted in minimal non-specific staining of vessels in the small 

- intestine (Fig. 8H) and the lingual submucosa and muscle (Fig. 81). 
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Figure· B Robust expression of /CAM~ 1 (brown immunQret:1ctivity) by vessels in 
the submucosa .of the tongue (A, B, D, and EJ and in the core of the fungiform 
papillae (C and F). Ungual sections are from rats at 48 hours after sham (A~CJ 
or CT sf3ctioning (D-FJ. · Panels A, C, D, and F are from the cut (right) side of the 
tongue, and panels B and E are from the intact, contralateral side. Strong 
staining is observed by vessels in the villi (G) of the small intestine, which is used 
as a positive tissue control. Note there is no staining in our negativ~ control 
sections of small intestine (HJ or tongue·(/) when an isotype-matched lgG was 
substituted for the ICAM-1 primary antibody.· Scale bar= 30 µm. 

ICAM-1 · is upregulated following CT section. E;LISAs were used· to 

quantitatively determine the effect of CT sectioning and 9i~tary.sodium re.striction 

on ICAM-1 levels. Tongues were bisected long-itudinally before being 

homogenized in order to compare the sectioned and intact sides· of the tongue. 

As shown in figµre 9A, suhstantial levels of ICAM~ 1 are present even in sham

sectioned control rats. This also confirms qualitative results (Fig. 8). At 6 and 12 

hours post-section, ICAM-1 expression is not sighifiecmtly different from sham- . · 
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treated rats (Fig. 9A; p>0.05). However, ICAM-1 expression is significantly 

upregulated on the sectioned side of the tongue at 24 hours post-section and 

remains elevated through day 7 post-section (Fig. 9A; p<0.001 ). On the intact, 

uninjured side, the increase in ICAM-1 is delayed until 48 hours post-section, and 

remains elevated through day 7 post..:section (Fig. 9A; .p<0.001-0.05). Therefore, 

CT nerve sectioning leads to bilateral upregulation of_ lCAM-1 expression in the 

tongue in a time-dependent manner. 

We also examined the effect of dietary sodium restriction on ICAM-1 

expression, since this treatment is known to prevent the bilateral macrophage 

response to CT section. Rats were administered a low sodium diet starting at the 

time of CT sectioning and euthanized at 48 hours post-section. This time point 

corresponds to the peak of the activated macrophag~ response [104]. As shown 

in Figure 98, however, post-sectioning ICAM-1 levels were similar in sodium

restricted and control-fed rats (Fig. 98; p>0.05). Thus, the effect of dietary 

sodium. restriction on macrophage infiltration following CT nerve section appears 

to be independent of ICAM-1 expression. 
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Figure 9 Ungual ICAM-1 levels are upregulated following unilateral CT vs. sham 
section (n = 6-11 rats/group). ELISAs ·were used to measure ICAM-1 in protein 
lysates obtained from the cut (right) or intact (left) sides of the tongue. Mean OD 
values have been normalized to tissue weight. A) At 6-12 hours following nerve 
transection, ICAM-1 levels on both sides of the tongue are similar to those in 
sham-sectioned controls (p>0.05). At 24 hours post-section, there is a significant 
increase on the cut side of the tongue, and ICAM-1 levels remain elevated 
through day 7 post-section. ICAM-1 levels on the intact side are elevated from 
48 hours through day 7 post-section. Both sides of.the tongue were compared 
with the mean sham values with an ANOVA followed by a Dunnett's test for 
multiple comparisons. · *p<0.05; **p<0.001 vs. mean sham levels. BJ ICAM-1 
levels in rats receiving nerve· section and dietary sodium restriction (48hr Cut+ 
Diet) are not significantly different from rats that received nerve transection alone 
(48hr Cut; p>0.05). Separate Student's t tests were performed to compare each 
side of the tongue for both treatment groups. 
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VCAM-1 is expressed on lingual vessels. VCAM-1 is present on lingual 

vessels in the submucosa and muscle of the tongue in sham-treated and 

sectioned rats (Fig. 10A-C). We rarely observed immunopositive vessels within 

fungiform papillae in any treatment group (data not shown). Like ICAM-1, 

VCAM-1 immunoreactivity was limited to vessel~ of varying sizes and wall 

thicknesses. The appearance of the immunopositive vessels was consistent 

between the sides of the tongue and in the three regions analyzed. The intensity 

of ·the vessels is unchanged after CT section, but the number of immunopositive 

vessels is affected ( compare Fig. 1 OA to Fig. -1 OB). Vascular endothelium within 

the lymph node also expresses VCAM-1 (Fig. 10D); therefore, lymph nodes were 

used as a positive tissue control. There was minimal non-specific staining of 

vessels in the lymph node (Fig. 10E) when an isotype-matched antibody was. 

substituted for the primary antibody. However, faint non-specific staining with an 

isotype-matched antibody was observed in muscle ·fibers in the tongue (Fig. 

10F). This did not affect counts of VCAM-1+ vessels since the non-specific 

immunoreactivity was present in different tissue compartments. 

The number of VCAM-1+ vessels increases after CT sectioning. VCAM-1 is 

expressed at very low levels compared to the total amount of lingual protein, 

which precluded many quantitative protein assays such as Western blotting. 

Reagents that cross-react with rat proteins are also limited, which barred the use 

of ELISAs to determine VCAM-1 levels. In addition, we noted qualitatively that 

there appeared to be more VCAM-1 + vessels after sectioning (Fig. 10), while the 

intensity of staining per vessels was consistent between sides and treatment 
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Figure 10 Vascular VCAM-·1 expression (brown immunoreactivity) in the 
subinucosa of the tongue (A-CJ. Sections are from rat~ at 24 hours after sham 
(A) and 24 hours after CT sectioning with a control diet (BJ or a sodium-restricted 
diet (CJ. Panels A-Care from the cut (right) side of the tongue in the mid region. 
Lymph node is used as a positive tissµe control, since vessels express VCAM-1 
(DJ. Negative control sections of lymph node (E) and tongue (FJ exhibit minimal 
non-specific staining of vessels,· when an isotype~matched lgG was substituted 
for the VCAM-1 primary antibody. • Note· the increase in VCAM-1+ vessels in 
panel C vs. panels A and E. .Scale bar = 65 µm for A-C. Scale bar = 30 µm for 
D-F. . 

groups. Therefore, we quantified the numoer of immunopositive vessels on the 

sectioned (right) and intact (left) sides of the tongue for each treatment (n=4 

rats/treatment group; Fig. 11 ). 

At24· and 48 hours post-sectioning, the total number of VCAM-1 + ves~els 

is significantly increased on the sectioned side of the tongue compared to shams.· 

(p<0.001-0.05; Fig. 11A left). The number ofVCAM'.'"1+ vessels then returns to. 

ba_seline by 72 hours post-injury. Significant changes are not observed on the 

contralateral, intact side of the tongue at any time p·ost-s~ctioning· (p>0.05).· · 

Dietary sodium restriction combined with CT sectioning prevented the increase in 

the number of immunopositive vessels on the cut side of the tongue at 24 and 48 • 

hours post-sectioning (p<0,05; Fig. 1.1_A right). The number .of VCAM-1 + vesseis 
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Figure 11 The number of VCAM-1+ vessels is increased following unilateral CT 
vs. sham section (n=4 rats/group). Sections were taken from the tip, mid, and 
rear regions of the fungiform field. For panels in the left column, values from 
each side of the tongue were compared to the mean sham values with an 
ANO VA followed by a Dunnett's test (*p<0.05; -le-kp<0.001 vs. mean sham levels). 
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In panels in the right column, the cut sides of the tongue of control-fed vs. 
sodium-restricted rats were compared with Student's t tests (*p<O. 05 vs. 24hr or 
48hr Cut group). A) The total number of VCAM-1+ vessels is· sign,ificantly 
increased on the cut side. of the tongue at 24 and 48 hours post-section (left). 
This increase does not occur in rats receiving dietary sodium restriction and CT 
section (Cut + Diet) compared to control-fed rats at 24 and 48 hours post-section 
(right). BJ There is a significant increase in VCAM-1+ vessels at 24 hours post
section in the tip region (left). The diet had no effect on VCAM-1 expression in 
this region (right). CJ In the mid region, VCAM-1+ vessels significantly increased 
at 24 hours post-section. Dietary sodium restriction prevented this increase. DJ 
In the rear region of the tongue, immunopositive vessels ;3re significantly 
elevated 48 hours post-section (left). This increase does not occur in sodium
restricted rats (right). 

by rostro-caudal zones was also determined. In the tip and mid regions of the 

fungiform field, there are significantly more positive vessels on the sectioned side 

at 24 hours post-sectioning (p<0.001-0.05; Fig. 11 B and 11 C left). The low 

sodium diet had no effect in the tip region (p>0.05; Fig. 11 B right), but it 

prevented the increase in VCAM-1 + vessels in the mid region (p<0.05; Fig. 11 C 

right). In the rear of the tongue, the increase in the number of VCAM-1 + vessels 

was delayed until 48 hours post-section (p<0.001; Fig. 11 D left). Dietary sodium 

restriction prevented the increase in VCAM-1+ vessels on the cut side of the 

tongue in this region when compared to control-fed rats (p<0.05; Fig. 11 D right). 

Therefore, VCAM-1 expression is · differentially upregulated depending on the 

region and time post-sectioning. Dietary sodium restriction inhibits this effect. 

Discussion 

We have shown that vascular adhesion molecules are expressed in the 

peripheral taste system and are dynamically regulated after neural injury, which 

has not been previously described. ICAM-1 is bilaterally upregulated following 

CT sectioning, · but is unaffected by the low sodium diet. In contrast, the 
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upregulation of VCAM-1 is prevented by the administration of a low sodium diet 

with nerve section. The inhibitory effect of the low sodium diet may partially 

explain the impaired macrophage response to nerve injury observed in these 

animals [21, 104]. We note that dietary manipulations and other experimental 

variable~ can affect adhesion molecule expression independently [24, ~ 15]. 

Thus, the dietary-mediated decrease in VCAM-1, but not ICAM-1, after injury to 

the peripheral taste system is not without precedent. • 

Little is known about the immunosuppressive effects of sodium deficiency, 

although · protein malnourishment and _ other dietary factors have profound 

influences on immune activity [89, 103]. Likewise, dietary components can alter 

the expression of vascular adhesion molecules in models of aging, 

atherosclerosis, and hypertension [86, 96, 172, 186, 191]. We show that sodium 

deficiency can prevent the upregulation of VCAM-1 expression after neural injury. 

The influence of the low-sodium diet on VCAM-1 is remarkably rapid, and occurs 

within just 24 hrs after CT sectioning. Thus, modulation of this adhesion 

molecule is more dynamic than previously appreciated, since most dietary 

manipulations are applied over a period of weeks or mo"nths in.other models of 

tissue injury [86, 96, 172, 191]. 

The i,ncrease in VCAM~ 1 + vessels in control-fed rats is also temporally and 

spatially dynami"c. VCAM-1 is first upregulated in the tip and mid regions of the 

denervated fungiform taste bud field, where there are more activated 

macrophages after nerve section [104]. Since this region contains a greater 

density of degenerating taste receptor cells . [109], the local. expression of 
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chemokines and cytokines that induce VCAM-1 may be amplified and 

accelerated. The delayed increase in VCAM-1 in the caudal field may also 

depend on the spatial progression of degeneration. While nerves fragment in an 

anterograde fashion from the site of nerve transaction in other systems [7, 81, 

157], the direction of CT degeneration has not been examined at this early time 

point. 

Most studies have focused on the expression of vascular adhesion 

molecules at the site of the nerve lesion, although ICAM-1 and VCAM-1 are also 

elevated in the distal segment of degenerating peripheral nerves [3, 20]. We find 

that ICAM-1 and VCAM-1 are upregulated on vessels throughout the denervated 

fungiform field, not just in the degenerating nerve. Moreover, vascular ICAM-1 is 

increased on the intact side of the tongue as well as the sectioned side. In 

models of severe trauma, such as sepsis [90, 1 1"6], ICAM-1 is elevated ·in distant 

organs. In contrast, adhesion· molecule expression does not typically change in 

regions distant to the neural injury. For example, the upregLilation of ICAM-1 in 

ischemic brain is limited to the infarct border [71], and does not change in the 

uninjured eye after contralateral ischemia [121]. Our results suggest that injured 

neural systems may be capable of more widespread upregulation of vascular 

adhesion molecules than previously appreciated, in parallel with an equally 

extensive macrophage response to denervation [21, 104]. 

One advantage to studying the regulation of adhesion molecules in the 

peripheral taste system is that fields containing denervated or uninjured sensory 

receptor fields can be assessed. Furthermore, the macrophage response to 
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taste cell and neural degeneration is temporally and spatially defined [21, 104]. 

We hypothesize that unilateral nerve section elicits the release of cytokines, such 

as interleukin (IL)-1, which upregulate vascular ICAM-1 and VCAM-1 [5, 125, 

146, 155, 179]. These molecules could then recruit macrophages to populate 

both sides of the tongue. For example, macrophages could use ICAM-1 and 

VCAM-1 to enter the injured side of the tongue, and then migrate to the 

contralateral, intact side. Alternatively, macrophages may use ICAM-1 to enter 

both the injured and intact sides, albeit at different periods after sectioning. We 

propose that macrophages release additional factors that regulate neural 

responses in the intact CT, so that adhesion molecules are upstream modulators 

of taste function. Future work will directly examine the, role of adhesion 

molecules in contributing to neural plasticity. 

Acknowledgements 

Portions of this work have been presented in poster form at the 28th 

annual meeting of the Association for Chemoreception Sciences in 2006. 



II. PUBLISHED MANUSCRIPTS 

C. Upregulation of the chemokine monocyte chemoattractant protein-1 following 

unilateral nerve injury in the peripheral taste system. Melissa Ann Cavallin and 

Lynnette Phillips McCluskey. Neuroscience Letters 413:187-190 (2007). 

Abstract 

Macrophages are recruited to both sides of the tongue following unilateral 

chorda tympani (CT) nerve injury. The mechanisms responsible for recruiting 

these macrophages to the peripheral taste system are unknown. Neural 

degeneration in other systems leads to the upregulation of small molecules that 

function as chemoattractant cytokines, or chemokines. The chemokines 

monocyte chemoattractant protein (MCP)-1 and macrophage inflammatory 

protein (MIP)-1a. are important regulators of macrophage recruitment to sites of 

infection and injury. We hypothesized that CT nerve sectioning leads to a 

bilateral upregulation of MCP-1 and MIP-1a.. We examined lingual protein levels 

of MCP-1 and MIP-1a. by ELISAs at several time points after unilateral _CT 

section in rats. MCP-1 was significantly upregulated on the intact side of the 

tongue at 12 hours after sectioning, ahd on the injured side at 24-48 hours post

injury. However, MIP-1a. expression did not significantly change following CT 

nerve sectioning. These data indicate that chemokines are differentially 
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regulated following neural injury, and that MCP-1 may contribute to the bilateral 

macrophage response to neural injury. Furthermore, the increase in MCP-1 

occurs even- in uninjured, distant sites, and may be upstream from the deficits in 

neural responses from the contralateral CT after sectioning. 

Keywords: chorda tympani nerve, neuroimmune interactions, macrophage 

recruitment, dietary sodium restriction, neural degeneration 

Introduction 

In the peripheral taste system, sensory information travels from taste 

receptor cells to the CNS via bilateral afferent nerves [34, 84]. These chorda 

tympani (CT) nerves also maintain the structure and function of associated taste 

receptor cells, which degenerate upon denervation. Morphological and functional 

regeneration is typically successful, making the peripheral taste system an 

excellent model of recovery from neural injury [22, 54, 123]. Notably, the immune 

response appears to maintain normal function in the remaining, uninjured taste 

receptor cells and CT nerve. 

Following unilateral CT nerve section, lingual macrophages increase on 

both sides of the tongue within two days. In contrast, a low-sodium diet prevents 

the macrophage response to injury [104]. This treatment also leads to a rapid 

decrease in the contralateral, intact neural responses to sodium, despite the lack 

of neural communication between the two populations of taste receptor cells [34, 

84]. Activation of the immune system with lipopolysaccharide restores both the 

macrophage response and normal taste function in sodium-restricted rats [21, 

135]. Thus, . there ·is evidence that macrophages sustain normal gustatory 
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function 1_ but the mechanisms responsible for their recruitment to the site of CT 

nerve injury and taste receptor cell degeneration are unknown. 

The chemokines monocyte chemoattractant protein (MCP)-1 and 

macrophage inflammatory protein (MIP)-1 a. are important regulators of monocyte 

and macrophage recruitment [102]. Both MCP-1 and MIP-1a. are increased in 

other models qf central and peripheral nerve injury prior to the influx of 

macrophages [40, 46, 126, 131, 1521 165, 169-171]. In the current study, we 

hypothesize that the upregulation of MCP-1 and MIP-1a. following unilateral CT 

nerve section signals macrophage recruitment to the injury site. We also 

examine whether dietary sodium restriction prevents macrophage entry by 

attenuating chemokine expression after neural injury. 

Materials and Methods 

Female specified pathogen-free Sprague Dawley rats (n=88; Charles 

River) were 41-90 days old and housed in a barrier facility at the time of nerve 

sectioning. The Institutional Animal Care and Use Committee of the Medical 
. . 

College of Georgia approved all protocols, which followed guidelines set by the 

National Institutes of Health. CT nerve sectioning was performed as previously 

described [21, 62, 66, 104, 105, · 135]. · Briefly, rats received an ·injection of 

atropine sulfate (0.5 mg/ml i.p.), followed by anesthesia with a mix of Ketamine 

(40 mg/kg i.p.) and Xylazine (10 mg/kg Lp.). Body temper~ture was maintained 

with a hot water pad. The right CT nerve was exposed in the neck and sectioned 

after its bifurcation from the lingual nerve. The sutured incision was swabbed 

with Bactine® as a topical antiseptic and analgesic. In sham surgical controls, 
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the CT nerve was exposed but not sectioned. Animals receiving dietary sodium 

restriction were given low sodium chow (0.03% NaCl; MP Biomedicals), distilled 

water, and two injections of the diuretic furosemide (10mg each within 24 hours; 

i.p; MP Biomedicals). Control-fed groups were maintained on normal chow 

(0.25% NaCl) and tap water. 

Tissue homogenates were used to quantify MCP-1 (n = 8/group) and MIP-

1a. (n = 5-14/group). Specifically, groups used for MIP-1a. assays included the 

following: n = 5 in the 48hr cut+diet group, n=6 in the 6hr and D7 cut groups, 

n=7 in the 24hr cut group, n=B in the 48hr and 72hr cut and 24hr cut+diet groups, 

n=11 in the sham group, and n=14 in the 12hr cut group. When possible, the 

same samples were used for both chemokine assays (n = 57). After deep 

anesthesia with sodium pentobarbital (80 mg/kg; Lp), rats were perfused 

intracardially with PBS followed by a solution of proteinase inhibitors [aprotinin (1 

mg/ml; Sigma), leupeptin (1 mg/ml; Sigma), and pepstatin (1 ·mg/ml; Sigma)]. 

Tongues were dissected and blocked longitudinally into the right half (CT 

sectioned side) and the left half (CT intact side). Each half was flash frozen in 

liquid nitrogen, pulverized, and weighed. The samples were homogenized in 

modified radioimmunoprecipitation (RIPA) buffer (Upstate). 

Enzyme-linked immunosorbent assay (ELISA) kits (mouse JE/MCP-1; . 

detection threshold 2 pg/ml; R & D Systems) were used to determine MCP-1 

expression according to the manufacturer's instructions. Samples were run 

undiluted in duplicate on an EL800 microplate reader (Bio-Tek) for absorbance at 

450 nm with a reference wavelength at 540 nm. Four-parameter (4-PL) curve-fit 
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analysis (KC Junior Software; Bio-Tek) was used to generate standard curves 

based on know concentrations of.recombinant mouse JE/MCP-1. The data was 

expressed as pg MCP-1/g total protein. 

MIP-1a. expression in tongue homogenates was also determined by 

ELISA (detection threshold 2 pg/ml). Plates were coated with 0.8 ·µg/ml rabbit 

anti-rat MIP-1 a antibody (AbD Serotec), incubated overnight at room 

temperature, and washed in 0.05% Tween-20 (Biorad) in PBS between each 

step.. Blocking solution consisted of 0.05% Tween-20 and 1 % bovine serum 

albumin (BSA; Sigma) in PBS. Samples and standards (recombinant rat MIP-1 a.; 

AbD Serotec) were added and incupated for four hours at room temperature, 

followed by incubation in biotin-conjugated rabbit anti-rat MIP-1 a. antibody (0.1 

µg/ml in 0.1 % BSA in PBS; AbD Serotec) and streptavidin-HRP (R & D 

Systems). Plates were developed in substrate solution (tetramethylbenzidine 

and hydrogen peroxide; R & D Systems), then stop solution (2N sulfuric acid; R & 

D Systems) was added and absorbance measured at 450 nm with a reference 

wavelength of 540 nm. A 4-PL curve-fit analysis was used to generate the 

standard curve. The data was expressed as pg MIP-1a./g total protein. 

Mean MCP-1 and MIP-1a values were compared to the mean sham 

values using ANOVAs followed by Dunnett's tests for multiple comparisons (a. of 

p~0. 05). This allowed us to determine the effect of unilateral CT sectioning at 

each post-sectioning period. To examine dietary effects, values from sodium

restricted and control-fed rats were compared at 24 and 48 hours post-
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sectioning. Separate Student's t tests with a Bonferroni correction factor (4 tests) 

were used (final a. of p~ 0.0125). 

Results 

MCP-1 significantly increased first on the intact side of the tongue ( 12 hr 

post-sectioning; p<0.05) compared to sham-sectioned animals (Fig. 12A), then 

rapidly returned to baseline levels. In .contrast, there was a delayed, but more 

prolonged increase in MCP-1 on the contralateral, sectioned side (24-48 hr post

sectioning; p<0.001; Fig. 12A). Dietary sodium restriction did not significantly 

affect MGP-1 levels (p>0.05; 24 and 48 hr post-sectioning; Fig. 128). Unlike 

MCP-1, MIP-1a. levels were not significantly upregulated by nerve section at any 

time point examined (p>0.05; Fig. 12C). Dietary sodium restriction did not 

significantly affect MIP-1a. expression on either side of the tongue (Fig. 12D). 

These data indicate that MCP-1 and MIP-1a. are differentially regulated following 

CT section. Moreover, the effects of dietary sodium restriction on the 

macrophage response to injury and the subsequent neural changes are 

independent of MCP-1 and MIP-1 a. expression. 

Discussion 

Following CT nerve section, macrophages are increased on both sides of 

the tongue with a peak elevation at day 2 post-injury [104]. In the current work, 

we demonstrate that MCP-1 is upregulated (12-48 hours) prior to and during the 

peak macrophage response. Thus, it is a temporally compatible recruitment 

signal for infiltrating macrophages. The timing of chemokine upregulation and 

macrophage entry is similar after sciatic nerve section, which is perhaps the most 
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Figure 12 Ungual MCP-1 levels are increased by unilateral CT vs. sham nerve 
section. ELISAs were used to measure MCP-1 (A-BJ and MIP-1a (C-D) in 
protein lysates obtained from the injured (solid bars) or intact (striped bars) sides 
of the tongue. Mean OD values have been normalized to tissue weight. A) At 12 
hours following nerve transection, MCP-1 protein is upregulated on the intact 
side compared to sham-sectioned controls (p<0.05). MCP-1 levels are increased 
on the injured side of the tongue from 24-48 hours post-section (p<0.001). BJ 
MCP-1 levels in sodium-restricted rats (Cut + Diet) are not significantly different 
from those in control-fed rats after nerve section (p>0.05). CJ MIP-1a in 
sectioned rats is not significantly different from sham-sectioned animals at any 
time point (p>0.05). DJ Dietary sodium restriction did not have a significant effect 
on MIP-1 a expression at 24 or 48 hours post-section (p>0.05). 

widely used model of peripheral nerve injury [165, 170]. While many studies 

have focused on chemokine expression at the site of axotomy, we find increased 

MCP-1 in the distant, uninjured side of the ~ongue. Likewise, MCP-1 is 

upregulated in both injured and intact dorsal root ganglion [182], and in the 
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olfactory epithelium after ablation of the olfactory bulb [40]. While MIP-1a 

expression increased from 6 to 48 hr after CT section, this trend was not 

significant. These findings highlight the diversity of chemokine responses in 

injured neural systems, and the need for further study of chemokine and cytokine 

cascades, especially in model systems that regenerate successfully. 

We propose that MCP-1 stimulates vascular adhesion molecules that 

initiate macrophage entry to the tongue . after nerve section. This macrophage 

response to CT nerve section is prevented by a sodium-restricted diet [21, 104]. -

In the current work, MCP-1 and MIP-1a are not significantly altered by the dietary 

manipulation, indicating that alternative chemokines or downstream pathways 

are affected instead. Subsequent to their recruitment, activated macrophages 

are suggested to release cytokines that modulate the function of taste receptor 

cells and/or neurons. Therefore,. MCP-1 is proposed to be part of a cascade that 

results in functional plasticity. This study provides new information about 

chemokines in the peripheral · taste system and .the dynamics of leukocyte 

recruitment signals. 
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Blockade of Platelet Endothelial Cell Adhesion Molecule (PECAM)-1 Increases 

Macrophage Recruitment, But Does Not Affect Taste Function. 

Melissa Ann Cavallin and Lynnette Phillips McCluskey 

Abstract 

Activated macrophages are recruited to both sides of the tongue following 

unilateral sectioning of the chorda tympani nerve (CT) in adult rats. The 

macrophages appear to be important for the maintenance of taste function during 

degeneration. In other tissues, platelet endothelial. cell adhesion molecule 

(PECAM)-1 plays an important role in monocyte migration through the 

endothelial cell junction, which is a critical step in leukocyte diapedesis. We 

hypothesized that binding of an antibody to PECAM-1 would prevent the 

macrophage response to CT sectioning. We predicted that this would lead to 

changes in CT taste function. An antibody against PECAM-1 was injected into 

the tail vein of rats one day before and· after CT sectioning. Three days after 

nerve sectioning, multifiber recordings were obtained from the intact nerve in 

response to a variety of taste stimuli. Frozen sections of tongue were processed 

for immunohistochemical staining for ED1 + activated macrophages or PECAM-1. 

Treatment with PECAM-1 antibody had no effect on taste responses to any 
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stimulus. However, there was a significant increase in ED1+ macrophages on 

the intact side of the tongue in animals treated with the PECAM-1 antibody. 

These results indicate that antibody binding to PECAM-1 alters macrophage 

migration in response to neural injury. We suggest that other adhesion 

molecules compensate for the loss of PECAM-1. 

Introduction 

In the adult rat, sectioning the.chorda tympani nerve (CT) ultimately leads 

to the degeneration of distal nerve fibers and target sensory cells within fungiform 

taste buds. The lack of innervation. results in a loss of taste function. 

Approximately. 6 weeks later, the CT regenerates and functional taste buds 

reappear [22, 54, 123]. Taste functio.n during the periods of degeneration and 

regeneration can be influenced by factors in the environment. When a Na+ -

restricted diet is administered soon after unilateral CT section, subnormal taste 

responses to Na+ salts are observed when recording from the regenerated CT 

[66]. The effect of the Na+ -restricted diet is not limited to the injured nerve. 

Soon after contralateral CT section, decreased responses to Na+ are also 

observed in the intact nerve [66]. 

Recent work has elucidated a role for the immune system in the 

maintenance of taste function following CT injury. In response to CT section, 

there is a bilateral increase in activated macrophages in the tongue. However, 

this macrophage response is prevented by a Na+-restricted diet [104]. This 

parallels the decreased Na+ taste responses observed in these rats [66]. 

Activation of the immune system with lipopolysaccharide immediately after CT 
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section restores both the ma_crophage response and normal taste function [21, 

135]. These studies suggest that macrophages can modulate taste function after 

nerve injury. 

The mechanisms by which macrophages are recruited to the injured taste 

system are not known. Vascular adhesion molecules are an important part of the 

cascade resulting in leukocyte diapedesis. Platelet endothelial cell adhesion 

molecule (PECAM)-1, or CD31, is a member of the lgG superfamily of adhesion 

molecules [75, 112, 120]. PECAM-1 is involved in homophilic interactions and 

heterophilic interactions with av~3 integrin, CD38, and sulfated 

glycosaminoglycans [75, 112, 120]. Platelets, leukocytes, and endothelial cells 

express PECAM-1 [113, 151]. Importantly, monocytes utilize PECAM-1 to enter 

the endothelial cell junction to initiate extravasation [148, 149]. In vivo, PECAM-1 

expression is increased in models of lumbar nerve injury [145, 168]. PECAM-1 is 

increased in ischemic lung injury [159], in liver peliosis [53], hyperoxic lung injury 

[130), and in inflammation of the cornea [82). Therefore, injury-induced PECAM-

1 expression is not without precedent. 

In the current study, we hypothesize that treatment with· a PECAM-1 

antibody will prevent the macrophage response to CT section. This will 

ultimately lead to decreased taste responses to Na+ when recording from the 

intact nerve, as described with the Na+-restricted diet [66]. In summary, these 

experiments will provide insight into the mechanisms of macrophage recruitment 

into the tongue following nerve injury. This study is also important for 

determining a novel role of PECAM-1 in modulating taste function. 



68 

Materials and Methods 

Animals. Female, specified-pathogen free, Sprague-Dawley rats (n=25; Charles 

River) were 34-82 days old at the time of first injection. Rats were housed in a 

barrier facility. 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. 

Antibody injection. On Days -1 and 1, rats were injected with atropine sulfate 

(0.5 mg/ml i.p.), followed by a mixture of Ketamine (40 mg/kg i.p.) and Xylazine 

(10 mg/kg i.p.). Rats then received an injection via the tail vein of ~ither mouse 

anti-rat CD31 (PECAM-1; 2 mg/kg [3]; AbD Serotec) or mouse non-immune lgG 

(2 mg/kg; Alpha Diagnostic International Inc.). Body temperature was maintained 

between 36 and 38°C with a hot water pad. 

Unilateral CT nerve section. At Day 0, rats received an injection of atropine 

sulfate (0.5 mg/ml i.p.),· followed by anesthesia with a mix of Ketamine (40 mg/kg 

i.p.) and Xylazine (10 mg/kg i.p.), and nerve section was performed as previously 

described [21, 62, 66, 104, 105, 135). Body temperature was maintained with a 

hot water pad. The right CT was exposed in the neck and sectioned after its 

bifurcation from the lingual nerve. The sutured incision was swabbed with 
. . 

Bactine® following the surgical procedure. ...Animals receiving sham surgery had 

the right CT exposed, but the nerve was not sectioned. 

Dietary Na+ restriction. After recovery from the nerve sectioning proced~re, 

rats · in the. Na+ -restricted group were given two inj~ctions of the diuretic 

furosemide (10 mg each with 24 hours i.p., MP Biomedicals), low Na+ chow 
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(0.03% NaCl, MP Biomedicals), and distilled water ad libitum [21, 62, 66, 104, 

105, 135]. Rats in the control-fed groups were maintained on a control diet 

(0.25% NaCl) and tap water. 

Neurophysiology. At day 3, multifiber recordings were obtained from the intact 

CT (3 days after the contralateral nerve was sectioned) as described previously 

[66, 105, 135]. Rats were anesthetized with chloral hydrate (525 mg/kg; i.p.) with 

additional injections as needed. Body temperature was maintained between 36 

and 38°C with a hot water pad. Rats were secured in a non-traumatic 

headholder after receiving a tracheotomy. The left CT was exposed from the 

bifurcation with the lingual nerve to its entrance into the tympanic bulla. The 

nerve was cut at the bulla and freed from the surrounding connective tissues. 

The connective sheath was removed from the CT, and the nerve was then 

placed on a platinum electrode.· Neural activity was amplified, integrated (time 

constant 1.0-2.0 s), and displayed on an oscilloscope and computer equipped 

with Power Lab (ADI). The steady-state portion of the integrated response was 

measured 20 s · after stimulation, and taste responses were expressed relative to 

the response to 0.50M NH4CI. This measure· reflects the sum of single fiber 

responses from a large population of taste receptor cells [6, 64]. 

Stimuli and stimulation procedures. Responses of the CT were recorded 

while the anterior tongue was stimulated with concentration series (0.05, 0.10, 

0.25, and 0.50M) of NaCl, sodium acetate (NaAc), KCI, and NH4CI. Other stimuli 

included were 0.50M sucrose, 0.1 OM quinine hydrochloride (QHCI), 0.1 OM 

monosodium glutamate (MSG), and 0.01 N HCI to examine the sweet, bitter, 
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umami, and acid transduction processes, respectively. All stimuli were dissolved 

in distilled water and kept at room temperature. Approximately 4 ml of each 

stimulus were applied to the tongue with a syringe. Each stimulus remained on 

the tongue for 40 s, followed by at least 60 s of distilled water rinse. Responses 

to a series of NaCl were also recorded after the tongue was preadapted for 10 

min with 50 µM amiloride hydrochloride (MP Biomedicals). Stimulation 

procedures were the same as above, except that the rinse and diluent for this 

series consisted of 50 µM amiloride hydrochloride. · 

To monitor the stability of each series, 0.50M NH4CI was applied at the 

beginning and end of each series. Only data obtained from stable series, in 

which the responses to NH4CI did not differ by more than 10%, were used for 

data analysis. 

Tissue collection and immunohistochemistry. Tissue collection was 

performed as in previous work [21, 104, 105]. After multifiber recordings, rats 

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

dissected (n=44 rats}. In a subset of rats, spleens were also collected for 

positive staining controls. Frozen tissues were cryosectioned at 8 µm. 

Approximately 150 coronal sections were collected from the anterior tongue, 

while ~75 sections each were collected frOJ!l the mid and caudal regions. 

lmmunohistochemical assays were performed as described previously 

[21, 104]. We used primary antibodies to PECAM-1 (mouse anti-rat 1 :1000; AbD 

Serotec) and ED1 (mouse anti-rat t:400; Covance). Biotin-conjugated goat anti

mouse lgG ( 1: 100; Jackson lmmunoResearch Laboratories, Inc.) was used as 
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the secondary antibody followed by incubation with avidin-biotin complex 

(Vector). Diaminobenzidine (Sigma) was·used as the chromogen. 

Image analysis. For each region described, a standard-sized region of interest 

(206.4 mm2
) was placed to encompass the most immunopositive label (21, 104]. 

To quantify macrophages, four images (12.9 mm2
) each were. acquired in the 

submucosa/muscle and the epithelium/lamina propria r~gi<?ns on the cut (right) or 

intact (left)·sides of the tongue. -The process used to select sections for imaging 

was standardized [104]. Macrophages are difficult to count because of their 

wispy processes, so stained pixels were digitally marked on each image, and the 

percentage of stained pixels/standard area was determined in order to quantify 

macrophages. Previous work demonstrated that the size of ED1 + macrophages 

was unaffected by CT section [104]. 

Unilateral CT section results in a bilateral increase in ED1+ macrophages 

in the tongue [21, 104]. We predicted that macrophage recruitment would be 

inhibited by blocking PECAM-1 expression. The procedure for quantifying 

ED1+macrophages is similar to what has previously been described [21, 104]. 

However, in the current study the injected antibody binded to the secondary goat 

anti-mouse lgG used to detect ED1 staining. Therefore, we used a subtractive 

method to determine the number of ED1 + cells. First, we determined the 

percentage of immunopositive pixels in sections incubated with secondary 

antibody alone. Next, the percent positive staining was analyzed in sections 

incubated in ED1 antibody followed by secondary antibody. Subtraction of the 
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first value from the second · allowed calculation of. the amount of ED1 staining 

alone: 

(% ED 1 + Goat anti-mouse lgG pixels/standard are~) - (% Goat anti

mouse lgG pixels/standard area)=% ED1 pixels/standard area 

lmmunolabeled· (ED1+) macrophages were analyzed with a computer imaging 

system equipped with a digital color camera (Cool Snap; Roper Scientific) and 

MetaMorph software (Universal Imaging Corporation) as described previously 

[21, 104]. Images were captured at SOX and were used to quantify macrophages 

in four regions/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. 

Statistical analyses. For multifiber recordings, mean responses at each 

stimulus concentration from each group were compared with ANOVAs with 

Newman-Keuls post-tests where appropriate (a=0.05).° The percentages of ED1+ 

pixels/standard area were compared with Student's t tests for each side of the 

tongue (a=0.05). 

Results 

PECAM-1 is expressed by lingual vessels. We used immunohistochemical 

assays to examine lingual PECAM-1 expression following sensory nerve injury 

and denervation of taste buds (Fig. 13). The endothelial layer of vessels within 

the lingual submucosa and muscle exhibited strong PECAM-1 expression in both 

sham-operated (Fig. 13A-B) and CT-sectioned rats on a.control diet (Fig. 13C-D) 

or on a Na+-restricted diet (Fig. 13E-F). PECAM-1 expression. was limited to 
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vessels in each group, and all vessels were PECAM-1+. These included vessels 

of multiple sizes and wall thicknesses in similar distributions on both sides of the 

tongue. Thus, many strongly-stained PECAM-1+ vessels were present 

regardless of surgical or dietary treatment. 

PECAM-1 antibody treatment does not affect taste responses. As shown in • 

Fig. 14, NaCl responses increase dose-dependently in each group. When 

comparing rats that received unilateral CT section · and either an injection of 

control lgG ("Cut+Control ab"; Fig. 14A and 15A) or injection of an antibody 

against PECAM-1 ("Cut+PECAM-1 ab"; Fig. 148 and 15A), there was no 

difference in Na+ sensitivity relative to the response to NH4CI. Amiloride 

hydrochloride reduced the responses to NaCl to the same degree in both groups 

(Fig. 158). Similarly, mean neural responses to NaAc, KCI, NH4CI, sucrose, 

QHCI, MSG, and HCI did not differ (Fig. 15C; Fig. 16A-C). The responses in 

these two groups were also similar to normal control rats ("Control") and normal 

control rats that received control antibody ["Control+Control ab"] groups. 
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Figure 13 Vascular PECAM-1 expression (brown immunoreactivity) by vessels 
iri the submucosa of the tongue (A-F) . . Lingual sections c3re from rats at 24 hours 
after sham sectioning (A-BJ or 48 hours after CT sectioning (C-F). Sections from 
Na+ -restricted rats are illustrated in E and F. Panels A, C, and E are from the cut 
(right) side of the tongue, and panels B, D, and F ·are from the intact, 
contralateral side. Note that there is no change in PECAM-1 expression 
regardless of surgical or dietary treatment on either side of the tongue. Scale bar 
=65µm. 

There were some differences in taste responses observed for the sham- · 

operated.rats receiving control lgG C.'Sham+Control ab") group versus those from . 

other treatment groups. Responses in this group were greater· than in the other · -

groups to 0.25 and 0.50M NaCl after amiloride hydrochloride (p<0.05 and 

p<0.001 respectively; Fig. 158), 0.05M ~aAc (p<0.Q5; Fig. 15C), 0~25M NH4CI 

(p<0.05; Fig: 168), and o .. 1M ·QHCI (p~0.05; Fig: 16C). However~ there were no 

consistent differences with regard to concentration or transduction pathway. 
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Figure 14 Examples of integrated responses to a concentration series of NaCl 
and 0.50M NH4CI recorded after contralateral CT sectioning and two injections of 
control JgG (AJ or PECAM-1 antibody (BJ. Note that responses to NaCl relative 
to NH4C/ were not different in the two groups. Time bar = 50 s (applies to A and 
BJ. 
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Figure 15 _Mean_± S.E.M. relative responses (n = 4-6 rats/group) from the intact 
CT to Na+ taste stimuli. A) Responses to NaCl in the group receiving the 
PECAM-1 antibody did not significantly differ from the groups receiving the 
control lgG in addition to CT sectioni(lg. The responses also did not differ from 
animals that did not receive any antibody treatment or surgical procedure. BJ 
The response to 0.25M NaCl in 50µM amiloride hydrochloride was significantly 
higher in "the group receiving control lgG and· sham sectioning ("Sham+Control 
ab'J compared to the animals receiving_ the PECAM-1 antibody ("Cut+PECAM-1 
ab'7- The response to 0.50M NaCl with amiloride hydrochloride was also higher 
in the Sham+Control ab group _.when compared to all other groups. All other 
responses were similar between group·s. .CJ The response to 0.05M NaAc was 
higher in the Sham+Control ab group compared to the Control group. All other. 
responses were similar between groups. Note that the experimental group 
receiving the PECAM-1 antibody in addition to CT sectioning (Cut+PECAM-1 ab) 
did not differ from the animals receiving the control lgG and nerve sectioning 
(Cut+Control ab) for any stimulus (A-CJ. This suggests that PECAM-1 antibody 
treatment does not affect taste function. *pS0.05; *""pS0.001. 
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Figure 16 Mean ± S.E.M. relative respons~s (n = 4-6 rats/group) from the intact 
CT to non-Na+ taste stimuli. A) Responses to KC/ did not differ among the 
treatment groups. BJ The Sham+Control ab group exhibited higher responses to 
0.25M NH4CI when compared to animals receiving control lgG without surgical 
interventiqn ("C9ntrol+Control ab;7- CJ Responses to 0.5M sucrose, 0.10M MSG, 
and 0.01N HCI did nqt differ among the treatment groups. However, the 
Sham+Control ab group had higher responses to 0. 1 M QHCI when compared to 
the Contrc.,/+Control ab, Cut+Cohtrol ab, and Cut+PECAM-1 ab groups. Note 
that the experimental group receiving the PECAM-1 antibody in addition to CT 
sectioning (Cut+PECAM-1 ab) did not differ from the animals receiving thfJ 
control lgG and nerve sectioning (Cut+Control ab) for any stimulus (A-CJ. This 
suggests that PECAM-1 antibody treatment does not affect taste function. 
*pS.0.05. 

Figure 17 ED1+ and PECAM-1+ staining (brown immunoreactivity) in the 
submucosa of the tongue (A, C-F) and in spleen (BJ. Ungual sections are from 
rats receiving control lgG (C-D) or PECAM-1 antibody (A, E-F) in addition to CT 
sectioning. Panel$ A, C, and E are from the cut (right) side of the tongue, and 
panels D and F are from the intact, contralateral side. Note _that only PECAM-1+ 
vessels (/\) are present when the ED1 antibody is omitted (A). Both ED1+ 
macrophages (*) and PECAM-1+ vessels (") are observed in the spleen in 
PECAM-1 treated animals (B). PECAM-1 immunoreactivity is limited to blood 
vessels in the spleen (B; inset). Simi/at staining is observed on both sides of the 
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tongue in the control lgG group (C-D) when compared to the cut side of the 
PECAM-1 antibody treated rats (E). However, there is an increase in ED1 
immunoreactivity on the intact side of the tongue in the PECAM-1 antibody 
treated group (compare F vs. C-E). Scale bar= 30 µm. 

Activated macrophages are increased with PECAM-1 antibody treatment. 

We· used immunohistochemical assays to analyze the effects of PECAM-1 

blockade on the recruitment of activated {ED1 +) macrophages {Fig. 17). ED1 + 

immunoreactivity was observed on both sides of the tongue in rats receiving the 

control lgG {Fig. 17C-D) or the PECAM-1 antibody {Fig. 17E-F) in addition to CT 

section. There was an ·increase· in ED1+ immunoreactivity, indicative of an 

increase in activated macrophages, observed on the intact side of the tongue in 

animals receiving the PECAM-1 antibody in addition to nerve section (compare 

Fig .. 17F to Fig. 17C-E). Note that PECAM-1 + vessels are also observed in the 

PECAM-1 treated animals (Fig:· 178, E-F) because the PECAM-1 and ED1 

antibodies are derived· from- mice. Therefore, the secondary antibody in the 

assays binds to both antibodies. Examples of ED1+ macrophage staining are 

indicated with an asterisk (*), and examples of PECAM-1 + vessels are indicated 

with a caret symbol (A). 

As mentioned, the injected PECAM-1 antibody cross-reacted with the 

secondary goat anti-mouse lgG in the ED1 assay. In order to quantify the 

percentage of ED1+ pixels/standard area, we omitted the ED1 antibody on 

sequential sections. This determined the contribution of PECAM-1+ pixels alone 

(Fig. 17 A). The percentage of PECAM-1 + pixels-(Fig. 17 A) was subtracted from 

the percentages obtained for sections with the ED1 primary antibody (Fig. 17E-F) 
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to give an approximate percentage of only the ED1 + pixels. Similar calculations 

· were made for the rats receiving control lgG injections (Fig. 17C-D). There were 

no significant differences in ED1 + macrophages on the cut side of the tongue in 

rats receiving the control· lgG ("Cut+Mouse Control Antibody") compared to the 

PECAM-1 antibody ("Cut+PECAM-1 Antib~dy") in addition to unilateral CT 

section (Fig. 18A, C and Fig. 19A, C). However, there was a significant increase 

in the ED1 + immunoreactivity on the intact side of the tongue (Fig. 18B; 

p=0.0002). This increase was largely due to a significant increase in ED1+ 

staining in the mid region of the· intact side (Fig. 19B). PECAM-1 blockade did 

not significantly alter ED1 expression on the intact side in the tip (Fig. 180) or the 

rear (Fig. 19D)·regions. These results indicate that although PECAM-1 blockade 

does not affect taste function, it does alter cell migration in response to unilateral 

CT section. 
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Figure 18 The percentage of ED1+ pixels/standard area is increased an the 
intact side in PECAM-1 antibody vs. control lgG serum treated rats (n = 4/group). 
Sections were taken from the tip, mid, and rear regions of the fungiform field. 
Values from each group were compared with Student's t tests (~p<0.001). A) 
There is no difference in ED1 immunareactivity an the cut side of the tongue. BJ 
The total percentage of ED1+ pixels is significantly increased an the intact side of 
the tongue in the PECAM-1 antibody treated group (p=0.0002). C-D) There is no 
difference in ED1 immunareactivity an either side of the· tongue in the tip region 
or an the cut side in the mid region. 
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Figure 19 The percentage of ED1+ pixels/standard area in the mid and rear 
regions of the fungiform field (n = 4/group). Values from each group were 
compared with Student's t tests (*p<0.05). A) There is no difference in ED1 
immunoreactivity on the cut side of the tongue in the mid region. BJ The 
percentage of ED1+ pixels is significantly increased on the intact side in the mid 
region of animals receiving the PECAM-1 antibody (p=0.O347). C-D) There is no 
significant change in ED1 expression on either side of the tongue in the rear 
region. · 

Discussion 

Our results demonstrate that PECAM-1 expression does not change 

• following CT nerve section or administration of a low Na+ diet. This. is in contrast 

with our previous results showing that intracellular adhesion molecule (ICAM)-1 

and vascular cell adhesion molecule (VCAM)-1 expression ate regulated by CT 
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injury. PECAM-1 is constitutively expressed by lymphatic and blood vessels in 

the human tongue [31, 32). Interestingly, PECAM-1 expression is increased in 

models of lung [130, 159) and liver [53) injury. PECAM-1 expression is also 

increased in models of neuropathic pain [168], spinal nerve root injury [145), 

spinal cord lesion, and in the brain after mechanical lesion [150). However, 

others have shown that PECAM-1 is constitutively expressed on the cerebral 

endothelium and is not changed by lipopolysaccharide or kainic acid injection [8]. 

This constitutive expression of PECAM-1 that is unchanged by injury is similar to 

the results of the current study. 

Blockade of PECAM-1 has prevented leukocyte migration in many models 

of inflammation [13, 82, 97, 112, 114, 122, 149, 176). For example, treatment 

with PECAM-1 antibodies prevents leukocyte migration in murine peritonitis [13, 

112]. Passive mono~yte migration is also inhibited 70-90% in vitro with PECAM-

1 specific antibodies or with soluble recombinant protein [114]. However in 

PECAM-1 knockout mice, monocyte infiltration is more rapid and vascular 

permeability is more prolonged in experimental autoimmuhe encephalomyelitis 

[47]. Therefore, the effeqt- of PECAM-1 blockade on leukocyte migration is 

· dependent on the type of inflammatory response and injury model. 

We have shown that binding of an antibody against PECAM-1 increases 

the number of macrophages recruited to the intact side of the tongue following 

CT nerve sectioning. This result is similar to what is observed after ICAM-1 

antibody treatment during sciatic nerve injury [3]. The increase in macrophage 

recruitment may explain why ther~ is no effect on taste function when PECAM-1 
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is inhibited. These results suggest that other vascular adhesion molecules are 

capable of compensating for the loss of PECAM-1, and may even 

overcompensate in recruitment of leukocytes. In fact, others have shown that 

adhesion molecules can functionally compensate when one is absent to allow for 

leukocyte recruitment [16, 117), depending on the particular mouse strain [148]. 

For example, CD99 is also important for diapedesis and is pr:oposed to 

compensate for the loss of PECAM-1 [148, 149]. Thus, the increase · in 

macrophage recruitment after adhesion molecule antibody treatment is not 

without precedent. 

Antibody binding to PECAM-1 does not alter taste function in the intact 

CT. · However, we cannot rule out a role for PECAM-1 in macrophage 

recruitment. These macrophages .. are thought to release other factors that 

regulate neural responses in the intact CT. The mechanism for macrophage 

recruitment appears to be redundant because antibody binding to PECAM-1 

alone was not able to prevent macrophage entry or to alter taste function. These 

studies suggest that macrophage recruitment after injury to the taste system is 

based on a more complex mechanism than was originally appreciated. 



IV. DISCUSSION 

Macrophages are associated with functional plasticity in the peripheral 

taste system. Unilateral CT section causes- a bilateral increase of activated 

macrophages in the anterior portion of the tongue (Table II; Fig. 20, left) [104]. 

This increase in macrophages is prevented by the administration of a low Na+ 

diet soon after nerve sectioning (Table II; Fig.· 20, right) [104]. Na+ taste function 

in the intact CT is linked with the presence of activated macrophages in the 

tongue [66, 104, 135]. When macrophages are recruited to the tongue, as in 

animals receiving CT section alone, the intact CT responds normally to Na+ salts 

(Table II; Fig. 20, left) [66, 104, 135]. However,· dietary Na+ restriction, which 

blocks macrophage recruitment, decreases the responses of the intact CT to Na+ 

salts (Table II; Fig. 20, right) [66, 104, 135]. 

Adhesion molecules and chemokines are two important families of 

molecules involved in macrophage recruitment from the circulation in response to 

inflammation and tissue damage [37, 83, 114]. We have shown here that 

macrophage recruitment molecules, i.e. MCP-1, ICAM-1, and VCAM-1, are 

upregulated by CT section prior to the macrophage response (Table II; Fig. 20, 

left). However, MIP-1 a is not affected by CT sectioning (Table II). The low Na+ 

diet prevents the increase in VCAM-1, without affecting MCP-1 or ICAM-1 (Table 

86 
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II; Fig. 20, right). We propose that one way the low Na+ diet prevents 

macrophage entry to the injured taste system is by inhibiting VCAM-1 

expression. We also examined the expression of the adhesion molecule, 

PECAM-1, and its role in taste function. PECAM-1, which is important for 

monocyte migration across the endothelial junction [149], is robustly expressed in 

the peripheral taste system regardless of dietary or surgical treatment. We 

proposed that PECAM-1 antibody treatment would prevent macrophage entry, 

thus leading to decreased responses to Na+ in the intact CT. However, taste 

function is unaffected by this treatment, which paradoxically increases 

macrophage recruitment in response to CT section. These results demonstrate 

the novel, widespread upregulation of adhesion molecules and chemokines distal 

to the site of injury in the peripheral taste system. This upregulation is upstream 

of macrophage recruitment and changes in nerve function (Fig. 20). ICAM-1, 

VCAM-1, and MCP-1 may act as early recruitment signals for the macrophages 

important for neural homeostasis. 

Table II. Summary of Inflammation Markers After CT Section 
Molecule or Cell Type Cut Side Uncut Side Diet Effect 
MCP-1 1'24-48hr 1'12hr No effect 
MIP-1a No change No change No effect 
ICAM-1 1'24hr-day 7 1'48hr-day 7 No effect 
VCAM-1 1'24-48hr No change Blocks 1' 
Macrophages8 1'day 1-2, 7 1'day 2 Blocks 1' 
a The macrophage response included in this table is adapted· from 
McCluskey [104). 

The adhesion molecule and chemokine response to CT section is similar 

· to what is observed in other models of nerve injury. ICAM-1, VCAM-1, and MCP-

1 are increased prior to macrophage recruitment after injury in the central and 
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peripheral nervous systems [3, 8, 20, 40, 126, 131, 141). While most wc;,rk 

focuses on the regulation of these molecules at the site of injury, we demonstrate 

dynamic upregulation of ICAM-1, VCAM-1, and MCP-1 distal to the site of injury 

and in some cases on the uninjured side of the tongue. Therefore, the 

upregulation of adhesion molecules and chemokines after nerve injury is more 

widespread than originally appreciated. 

Dietary Na+ restriction prevents the macrophage response to CT section 

(Table II; Fig. 20) [104]. This mirrors the loss of taste function on the intact side 

of the tongue [66]. The functional plasticity observed does appear to be 

mediated by the immune system. When Na+ -restricted rats are stimulated with 

LPS after CT section, taste function on the intact side is restored [135]. We have 

now shown that LPS also restores the macrophage response- to CT section as 

well [21]. We propose that LPS promotes nionocyte recruitment by stimulating 

epithelial cells, fibroblasts, resident macrophages, and perhaps even taste 

receptor cells in the tongue to release proinflammatory cytokines, such as IL-1~. 

This would induce adhesion molecule expression on the endothelium of blood 

vessels and signal recruitment of activated macrophages from the circulation [1, . 

128). These macrophages are then capable of releasing additional factors that -

alter taste receptor cell function and clearing inhibitory factors released on the 

injured side of the tongue. 

The low Na+ diet not only affects the tongue, but also circulating factors. 

Angiotensin II and aldosterone are both increased under conditions of low Na+ 

intake in order to increase Na+ reabsorption by the kidneys [55]. Both 
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angiotensin II and aldosterone enhance the activity of nuclear factor (NF) KB [35, 

56, 119, 189). This activation can occur within 24 hours of angiotensin II 

treatment [189]. As described in the introduction, NF1e8 would promote an 

immune response [1]. This contradicts our results showing that the macrophage 

response to CT section is prevented by dietary Na+ restriction [104]. However, 

recent studies in Lynnette McCluskey's laboratory suggest that the low Na+ diet 

increases the number of neutrophils that respond to CT section (Wall and 

McCluskey, unpublished). This is in line with the pro-inflammatory effects of 

angiotensin II and aldosterone. Neutrophils may play a role in regulating the 

macrophage response to CT injury or may act directly on taste receptor cells to 

modify taste function~ Normal taste function following CT section may depend on 

the cooperation of macrophages and neutrophils. Further study of the neutrophil 

response to CT section wiH help to elucidate the relationship between 

macrophages and neutrophils: 
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Figure -20 Adhesion molecules and chemokines are upstream to macrophage 
recruitment and taste function. Unilateral CT section leads to an uptegulation of 
MCP-1, ICAM-1, and VCAM-1 (left,· blue arrows). The· upregulation of the 
chemokine and adhesion molecules results in a bilateral increase of activated 
macrophages in. the tongue ..... This. correlates· with normal Na+. taste responses . 
recorded from the intact CT. However, administration of a low Na+ diet with 
unilateral CT section prevents the increase· in VCAM-1 (tight; red arrows). MCP-
1 and ICAM-1 ate increased as·they are with CT Section alone .. Th.e lack of an 
increa$e in VCAM-1_ correlates with no macrophages being recruited to the 
tongue and decreased Na+ taste responses recorded from the intact C~ · 

We observed a dramatic and dynamic upregulation of vascular adhesion 

molecules in the tongue following Ci section. ICArvl-1 expression was increased 

on both sides of the tongue for an extended time after injury. The number of 

VCAM-1 + vessels was increased first on the cut side of the tongue in the rostral 
. ' 

region of the fungiform field. A greater density of deg_enerating taste receptor 

cells are present in this region [109]. Ttlt;3refore, the lo_cal expression qf 

chemokines and cytokines that indlJce VCAM-1 expression was possibly greater 
. . . 

in this region as well. The delay in VCAM-1 upregulation in the·rear region rnay :· 
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reflect the spatial pattern of nerve degeneration, but the direction of CT 

degeneration has not been studied at this early time point. 

Another possible explanation for the increase in the number of VCAM-1 + 

vessels and ICAM-1 expression following CT section is that the · nerve injury 

stimulates angiogenesis. Thus, the increase in the adhesion molecules is due to 

new vessel formation rather than upregulation of VCAM-1 and ICAM-1 

expression by existing vessels. However, angiogenesis is not typically reported 

until at least 14 days following the stimulus [9, 143, 184), wh_ile we saw an 

increase in ICAM-1 and VCAM-1 expression as early as 24 hours post

sectioning. There is evidence for angiogenesis within 2 days of a corneal wound 

[25] and within 3 days of an ischemic stroke [61 ]. However, these studies 

focused on angiogenesis at the site of the injury, whereas we report elevated 

ICAM-1 and VCAM-1 distal to the site of nerve injury [9, 143, 184]. In addition, 

an increase in vessels should also elevate PECAM-1 expression, which was not 

observed (Fig. 17). The present results suggest that CT section induces the 

expression of ICAM-1 and VCAM-1 on existing vessels. 

We proposed that PECAM-1 antibody treatment would prevent the 

macrophage response to neural injury and decrease responses to Na+ in the 

intact CT. Thus, PECAM-1 blockade would mimic the functional a!terations seen 
. ' 

in rats receiving a Na+-restricted diet [66]. Instead, treatment with an antibody 

against PECAM-1 unexpectedly increased the macrophage response to nerve 

section, but did not affect taste responses. This paradoxical response may be 

due to compensation by other adhesion molecules, as observed in other models 
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[16, 117]. For example, the increase in macrophages we see is similar to what 

occurs in the sciatic nerve after blocking ICAM-1 expression [3]. This 

compensatory increase in macrophages also · helps to maintain normal taste 

function in antibody-treated animals. 

The mechanisms involved in upregulating ICAM-1, VCAM-1, and MCP-1 

in the peripheral taste system are not known. Other cytokines, such as IL-1(3, 

may be upstream regulators of ICAM-1, VCAM-1, and MCP-1 following CT 

section (Fig. 21 ). IL-1 f3 is a major proinflammatory cytokine that initiates 

signaling cascades involved in activation of vascular endothelium and leukocytes 

[1]. For example, IL-1(3 can induce endothelial expression of ICAM-1 and VCAM-

1 [1, 231 721 871 144). MCP-1 secretion is also stimulated by IL-1(3 [1, 571 131, 

174, 185). Evidence in our laboratory suggests that IL-1f3 is increased after CT 

section in control-fed but not Na+-restricted animals [137]. Moreover, treatment 

with an IL-1 f3 antagonist after nerve section mimics the effect of the low Na+ diet, 

and elicits subnormal responses to Na+ in the intact CT (Lynnette McCluskey, 

unpublished communication). Therefore, it is plausible that IL-1 f3 plays a role in 

upregulating ICAM-1, VCAM-1, and MCP-1 following CT section. Other 

proinflammatory cytokines may also be regulating macrophage recruitment in 

response to CT injury. 

We propose that CT section induces the expressiort of proinflammatory 

cytokines, including IL-1J3·, which are then responsible for upregulating ICAM-1, 

VCAM-1, and MCP-1 (Fig. 21). These adhesion molecules then recruit 

macrophages to both sides of the tongue. For example, ICAM-1, VCAM-1, and 
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MCP-1 may all play a role in recruiting macrophages to the injured side of the 

tongue. Once in the tongue, macrophages are capable of secreting other 

cytokines and growth factors that act on taste receptor cells or the intact CT to 

maintain normal taste function. ICAM-1 and VCAM-1 are typically induced by 

similar proinflammatory pathways [1 ]. Therefore, the Na+ -restricted diet prevents 

the increase in VCAM-1 by regulating some unknown factor(s) specific to the 

VCAM-1 pathway, such as hormones, growth factors, or cytokines. The 

macrophage response is prevented by this alteration of VCAM-1 expression 

resulting in attenuated taste responses to Na+ salts. 

More experiments are necessary to further elucidate the extracellular 

signaling pathways involved in macrophage recruitment after CT· section. 

Inhibiting additional adhesion molecules, such as ICAM-1 orVCAM-1, along with 

PECAM-1 may result in a loss. of macrophage recruitment by minimizing 

compensation by other adhesion molecules. Adhesion molecule and cytokine 

knockout mice would allow for direct analysis of the effects of the molecule on 

leukocyte recruitment and taste function. Inducible knockout mice would be best 

to minimize the developmental roles of adhesion molecules and cytokines. 

However, there is still the concern that other adhesion molecules compensate for 

the loss. This can be addressed by . using double knockouts or even by using 

antibodies to inhibit additional molecules. · · Insight to signals upstream from 

vascular activation could also ~e gained by inhibiting cytokines. All of these 

studies would increase our understanding of the signaling pathways are involved 

,in recruiting macrophages after CT injury. 
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Figure .. 21 Schematic of the regulation of the expression of macrophage 
recruitment -signals following CT section. -Unilateral GT section upregulates the -
expression of IL-dP, which then induces the expression of MCP-:-1, ICAM-1, and -
VCAM--1. Macrophages· are then recruited to both sides of the tongue and 
release cytokines and growth factors that regulate taste responses on· the· intact. 
side by acting either on the CTorthe taste receptor cells. · 

· _ We have demonstrated that macrophages are_ linked to the maintenance 

of taste function by stimulating Na+~r.estricted :rats with LPS following CT section 

[21]. The' adhesion moI·ecules ICAM-1 and VCAM~1 are differentially upregulated 

by CT section. Likewise, MCP-1, but riot MIP-1a, is upregLJlated by CT section. 
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These molecules are upregulated in a manner that is compatible with a role in 

macrophage recruitment. PECAM-1 antibody treatment, which acts downstream 

of ICAM-1 and VCAM-1 (Fig. 2), did not alter taste responses. However, there 

was a paradoxical increase in macrophc;1ge recruitment. These results suggest 

that the innate immune response to CT injury is diverse and dynamic. Future 

work is needed to determine additional immune regulators involved in this model. 



V. SUMMARY 

The macrophage response to CT section is restored in Na+ -restricted rats 

by the stimulation of immune function with LPS, suggesting that normal taste 

function of the intact CT relies on the presence of activated macrophages in the 

tongue following injury. ICAM-1, VCAM-1, and MCP-1 are upregulated by CT 

section prior to the peak macrophage response and could act as recruitment 

factors for the macrophages. Dietary Na+ restriction only affected VCAM-1 

expression, suggesting that the regulation of additional, untested molecules may 

also contribute to the dietary effects on the macrophage r~sponse to injury. 

Treatment with an antibody against a key mediator of diapedesis, PECAM-1, 

actually increased the macrophage response to CT section. This paradoxical 

change in cell recruitment is likely due to compensation by other adhesion 

molecules. The innate immune system plays a dynamic role in maintaining 

peripheral taste function following nerve degeneration. 
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