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� Mouse  olfactory  ensheathing  cells  and  Schwann  cells  phagocytose  E.  coli.10

� Human  OECs  phagocytose  E. coli.11

� Peripheral  glia  show  little  capacity  to phagocytose  Burkholderia  thailandensis.12

� The  results  have  implications  for  using  glial  cells  in  neural  repair  therapies.13
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a  b  s  t  r  a  c  t

Opportunistic  bacterial  infections  of  the nasal  cavity  could  potentially  lead  to  infection  of  the  brain  if
the  olfactory  or trigeminal  nerves  are  colonised.  The  olfactory  nerve  may  be a more  susceptible  route
because  primary  olfactory  neurons  are  in  direct  contact  with  the  external  environment.  Peripheral  glia
are known  to be  able  to phagocytose  some  species  of  bacteria  and  may  therefore  provide  a defence
mechanism  against  bacterial  infection.  As the  nasal  cavity  is frequently  exposed  to bacterial  infections,
we  hypothesised  that  the olfactory  and  trigeminal  nerves  within  the  nasal  cavity  could  be subjected
to  bacterial  colonisation  and  that  the  olfactory  ensheathing  cells  and Schwann  cells  may  be involved
in  responding  to the  bacterial  invasion.  We  have  examined  the  ability  of  mouse  OECs  and  Schwann
cells  from  the  trigeminal  nerve  and  dorsal  root  ganglia  to  phagocytose  Escherichia  coli  and  Burkholderia
thailandensis  in  vitro.  We  found  that  all three  sources  of  glia  were  equally  able  to  phagocytose  E. coli with
75–85%  of  glia having  phagocytosed  bacteria  within  24 h.  We  also  show  that  human  OECs  phagocytosed
E.  coli.  In contrast,  the mouse  OECs  and  Schwann  cells  had  little  capacity  to phagocytose  B.  thailandensis.
Thus subtypes  of  peripheral  glia  have  similar  capacities  for phagocytosis  of  bacteria  but  show  selective
capacity  for  the  two  different  species  of  bacteria  that  were  examined.  These  results  have  implications  for
the understanding  of the  mechanisms  of bacterial  infections  as well  as  for  the  use  of  glia  for  neural  repair
therapies.

© 2013 Published by Elsevier Ireland Ltd.

1. Introduction28

Various pathogens that infect the brain can enter the central29

nervous system via several potential neural routes including the30

peripheral nerves of the nasal cavity. The olfactory nerve perhaps31

offers the most accessible route as the primary olfactory neurons32

are in direct contact with the environment. The dendrites of pri-33

mary olfactory neurons extend into the mucous layer that overlies34

the olfactory epithelium and the axons project into the olfactory35

bulb that lies within the central nervous system [12,20]. As the36
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olfactory epithelium is often subjected to numerous infections 37

which disrupt its integrity, opportunistic bacterial infections of the 38

olfactory nerves may  occur. Thus bacteria, including Burkholde- 39

ria pseudomallei, are potentially able to enter and migrate within 40

the olfactory nerve fascicles where they could then penetrate 41

directly into the central nervous system and thereby bypass the 42

blood–brain barrier [14]. However, the olfactory nerve is not the 43

only potential route within the nasal cavity. The trigeminal nerve 44

innervates the nasal cavity and projects into the central nervous 45

system in close proximity to the olfactory nerves [5,16,17]. 46

The glia of the olfactory system are the olfactory ensheathing 47

cells (OECs) which surround the bundles of axons to form the olfac- 48

tory nerves [2].  OECs have previously been shown to endocytose 49

Escherichia coli in vitro [9,19] as well as Streptococcus pneumonia 50

[10]. It has been proposed that the phagocytic activity of the OECs 51
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is an important mechanism to combat bacterial infection although52

it has not yet been tested in vivo [9].  The glia of other peripheral53

nerves are Schwann cells. While both mouse and human Schwann54

cells have been shown to be infected by mycobacteria [13,15,18],55

it has been reported that unlike OECs, exposure of Schwann cells56

to inactivated E. coli does not activate nuclear factor KB and Gro57

production suggesting that the mechanism by which OECs and58

Schwann cells react to E. coli is different. [19].59

While the phagocytic ability of peripheral nerve glia within60

the nasal cavity may  offer protection against bacterial infection,61

it has not been determined whether different subtypes of glia have62

similar abilities to phagocytose bacteria. In addition, as OECs and63

Schwann cells are being considered for neural repair therapies [11]64

and the potential capacity for phagocytosis of bacteria within an65

injury repair site may  be of benefit, it is important to determine the66

phagocytic capacities of the different glia.67

In the current study, we have examined the ability of OECs and68

Schwann cells from the trigeminal nerve and dorsal root ganglia69

to phagocytose E. coli and Burkholderia thailandensis in vitro. We70

found that all three sources of glia were equally able to phagocy-71

tose E. coli,  but had little capacity to phagocytose B. thailandensis.72

These results suggest that peripheral glia have similar capacities for73

phagocytosis of bacteria but show selective capacity for different74

species of bacteria.75

2. Materials and methods76

2.1. Animals77

For cultures of glia we used S100ß-DsRed transgenic mice [22]78

as the S100ß promoter drives expression of DsRed resulting in glia79

being visualised by DsRed expression. All procedures were car-80

ried out with the approval of the Griffith University Animal Ethics81

Committee under the guidelines of the Australian Commonwealth82

Office of the Gene Technology Regulator.83

2.2. Cell culture84

Postnatal day 7 pups were decapitated. The olfactory mucosa85

overlying the nasal septum was dissected out for preparations86

of olfactory ensheathing cells (OECs). Dorsal root ganglia (DRG)87

from the spinal cord was dissected out for DRG Schwann cells. The88

trigeminal nerve lying on the basal surface of the cranial cavity was89

dissected out for trigeminal Schwann cells. Explants of the differ-90

ent glia preparations were separately plated in wells that had been91

coated with Matrigel basement membrane matrix (BD Bioscience,92

1:10) and were maintained in glia medium: Dulbecco’s Modified93

Eagle Medium containing 10% foetal bovine serum, G5 supplement94

(Gibco), gentamicin (Gibco, 50 mg/mL)  and l-glutamine (200 �M)95

at 37 ◦C with 5% CO2 for 5 days. Cells were replated into plastic96

24-well plates and grown to 80% confluency.97

2.3. Human OECs98

Frozen stocks of human OECs were previously prepared and99

characterised [4,7]. Frozen cells were thawed and grown in 24-well100

plastic plates in glia medium at 37 ◦C with 5% CO2 for 5 days and101

grown to 80% confluency.102

2.4. Bacteria preparation103

E. coli (K-12 strain) and B. thailandensis (E264) were grown in liq-104

uid Luria broth (LB) media with shaking or on LB agar plates. E. coli105

was autoclaved and labelled with fluorescein 5-isothiocyanate106

(FITC, Sigma) using a modification of the method of Hazenbos et al.107

[8].  The bacteria were washed 5 times by centrifugation and resus- 108

pended in 5 mL  of 0.1 M sodium carbonate buffer, pH 8.6 with final 109

resuspension in 1 mL of buffer. FITC (1 mg/mL  DMSO) was  added at 110

a ratio of 5 �L to 1 mL  of the bacteria in sodium carbonate buffer for 111

18 h at 4 ◦C; then washed by centrifugation/resuspension in 0.1 M 112

sodium carbonate buffer, pH 8.6. Labelling of B. thailandensis with 113

carboxyfluorescein diacetate (CFDA) was as described previously 114

[3];  1 mL  of bacterial culture was pelleted by centrifugation, washed 115

once with phosphate buffered saline (PBS) and resuspended in 116

500 �L of 5 �M carboxyfluorescein diacetate, succinimidyl ester 117

(CFDA-SE, Molecular probes). The resuspended cells were incu- 118

bated at 37 ◦C for 30 min, washed twice with PBS and resuspended 119

in Hanks balanced salt solution (HBSS) prior to use. Bacteria concen- 120

tration was determined from optical density at 600 nm. E. coli and 121

B. thailandensis were used at equal concentrations by optical den- 122

sity. Bacteria solutions were stored as frozen aliquots and freshly 123

thawed for each experiment. 124

2.5. Phagocytosis assays 125

E. coli and B. thailandensis were added to the culture medium 126

with the same bacterial load being added to all wells within each 127

experiment as determined by spectrophotometry; experiments for 128

quantification shown in Fig. 4 used half the bacterial load to enable 129

easier quantification of the cells. After 6, 18 or 24 h the medium was 130

removed and the wells washed three times with HBSS to remove 131

the majority of the extracellular bacteria. The cells were resus- 132

pended, centrifuged with repeated washes to eliminate residual 133

extracellular bacteria. The cells were replated onto glass coverslips 134

coated with Matrigel and maintained in the glia medium for 6 h. 135

Cells were fixed for 4 min  in 4% paraformaldehyde and cell nuclei 136

were stained with 4′,6-diamidino-2-phenylindole. 137

2.6. Immunohistochemistry 138

Human OECs were fixed with 4% paraformaldehyde for 10 min, 139

rinsed with PBS and then blocked with 2% bovine serum albu- 140

min  (BSA) in PBS for 30 min. The cells were incubated with 141

mouse anti-human p75 neurotrophin receptor antibodies (Biosen- 142

sis, 2.5 �g/mL) in 2% BSA with PBS with 0.3% Triton-X for 1 h, 143

washed with PBS with Triton-X, and then incubated with secondary 144

antibodies goat anti-mouse Alexa Fluor 488 (1:200; Invitrogen). 145

Cell nuclei were stained with 4′,6-diamidino-2-phenylindole. 146

2.7. Imaging 147

Lower power images were captured on an Olympus BX50 148

microscope or an Olympus IX70 inverted microscope fitted with 149

fluorescence optics and a Spot camera and software. Higher magni- 150

fication images were collected using an Olympus FV-1000 confocal 151

microscope. Images were coloured balanced using Adobe Photo- 152

shop CS5 (Adobe Systems Incorporated) with the entire field of view 153

being altered uniformly and figures were compiled using Adobe 154

Illustrator CS5 (Adobe Systems Incorporated). 155

2.8. Quantification and statistics 156

The number of DsRed glia that contained bacteria and the total 157

number of DsRed glia were counted in the fields of view obtained 158

with a 10× objective. One field of view for each treatment with 159

four replicates was counted, with at least 40 cells per field of view. 160

Statistical analysis was performed using ANOVA. 161

dx.doi.org/10.1016/j.neulet.2013.01.052
Original text:
Inserted Text
B. thailandensis

Original text:
Inserted Text
were dissected

Original text:
Inserted Text
fetal

Original text:
Inserted Text
ml) and L-glutamine

Original text:
Inserted Text
characterized

Original text:
Inserted Text
preparationEscherichia coli

Original text:
Inserted Text
Burkholderia thailandensis

Original text:
Inserted Text
., [8]. 

Original text:
Inserted Text
4 oC; 

Original text:
Inserted Text
Burkholderia thailandensis

Original text:
Inserted Text
37oC 

Original text:
Inserted Text
24 hr 

Original text:
Inserted Text
6 hr. 

Original text:
Inserted Text
minutes in

Original text:
Inserted Text
4’,6-

Original text:
Inserted Text
4’,6-

Original text:
Inserted Text
10X 



Please cite this article in press as: P. Panni, et al., Phagocytosis of bacteria by olfactory ensheathing cells and Schwann cells, Neurosci. Lett. (2013),
http://dx.doi.org/10.1016/j.neulet.2013.01.052

ARTICLE IN PRESSG Model

NSL 29557 1–6

P. Panni et al. / Neuroscience Letters xxx (2013) xxx– xxx 3

3. Results162

To determine whether mouse olfactory ensheathing cells163

(OECs), Schwann cells from the trigeminal nerve and Schwann164

cells from dorsal root ganglia (DRG) have similar capacities to165

phagocytose bacteria we prepared cultures of the different glia166

and incubated them with E. coli.  After 6 h of incubation, the cul-167

tures of all three types of mouse glia exhibited some cells that had168

phagocytosed bacteria (Fig. 1). To enable better visualisation of the169

internalised bacteria, the cultures were washed, trypsinised and170

replated to remove the extracellular bacteria (Fig. 1G). Some cells171

had small accumulations of bacteria within cytoplasm while oth-172

ers within the same field of view had large accumulations of E. coli173

(Fig. 1A, C, and E). After 24 h incubation with E. coli, the majority174

of glia contained fluorescent bacteria within the cytoplasm with175

many cells having large accumulations of bacteria (Fig. 1B, D, and176

F). We  quantified the proportion of DsRed-positive glia that con-177

tained the fluorescent bacteria. After 24 h incubation with E. coli,178

75–85% of glia within each culture contained bacteria (Fig. 1H). Sta-179

tistical analysis showed that OECs, trigeminal Schwann cells and180

DRG Schwann cells had similar capacities to phagocytose E. coli181

(Fig. 1G, no significant difference, p > 0.48). Other cells within the182

culture were present that were weakly positive for DsRed or did183

not express DsRed and some of these cells also contained bacteria184

(Fig. 1A, arrowhead).185

Time-lapse imaging of mouse OECs that were incubated with186

FITC-labelled E. coli demonstrated that E. coli that was external to187

the OECs became internalised over time (Fig. 2 and supplemental188

movie 1). The E. coli that had been phagocytosed appeared as yellow189

rods within the shaft of the OECs. It was also apparent that there190

was a reduction of free floating E. coli (bright green dots in Fig. 2)191

over the time-lapse imaging period which supports the notion that192

the E. coli was phagocytosed.193

We  next confirmed that the E. coli was phagocytosed and con-194

tained within the cytoplasm of the glia. High magnification confocal195

microscopy confirmed that the bacteria were within the cytoplasm196

of mouse OECs, trigeminal Schwann cells and DRG Schwann cells197

(Fig. 3A–C). A three-dimensional reconstruction and rotation of an198

OEC clearly shows that E. coli was present within the cytoplasm199

(supplemental Movie 2).200

As OECs are being trialled for neural repair therapies, we also201

examined human OECs that had been previously obtained and char-202

acterised from nasal biopsies [4,7]. The human OECs, which were203

positive for the OEC marker p75 neurotrophin receptor (Fig. 3D204

inset), also phagocytosed E. coli within 24 h (Fig. 3D).205

We  next determined whether the peripheral glia were able to206

phagocytose bacteria other than E. coli. Like E. coli, B. thailandensis207

is a Gram-negative bacillus. Due to its similarity to the pathogen208

B. pseudomallei, it is used as a model for B. pseudomallei infection209

[1,21].  Mouse OECs, trigeminal Schwann cells, and DRG Schwann210

cells were incubated with E. coli or B. thailandensis at half the211

bacterial load of the earlier experiments in order to enable eas-212

ier quantification of the cells and to minimise the number of cells213

that contained numerous bacteria. While E. coli was  phagocytosed214

within each of the peripheral glia cultures, B. thailandensis was215

rarely observed within the cytoplasm of the glia and when it was,216

only a single rod was present (Fig. 4). The number of cells that con-217

tained either E. coli or B. thailandensis was counted and significantly218

fewer cells (p < 0.001 ANOVA and p < 0.05–0.001 post hoc tests) had219

internalised B. thailandensis in comparison to E. coli.220

4. Discussion221

Here we have shown that peripheral glia from the olfactory222

nerve, the trigeminal nerve and dorsal root ganglia have similar223

Fig. 1. Mouse OECs and Schwann cells phagocytose E. coli. OECs (A and B) Schwann
cells from the trigeminal nerve (C and D) and Schwann cells from the dorsal root gan-
glia (E and F) were incubated with E. coli labelled with FITC (green, arrows) for 6 h (A,
C,  and E) and 24 h (B, D, and F). All glia express fluorescent DsRed protein, nuclei are
stained with DAPI (blue). Some cells that were not DsRed-positive contained E. coli
(arrowhead in A). A large flattened OEC (arrowhead) that had internalised E. coli is
shown in (D).  (G) Example of the bacterial load during the assay; cells were then
washed with trypsin to remove extracellular bacteria, resuspended and replated for
analysis. (H) Quantification of the proportion of DsRed glia that contained green
fluorescent E. coli after 24 h incubation. ANOVA analysis p > 0.48, n = 173–544 cells
over  4 replicates. Scale bar = 50 �m in (A), 40 �m in (B–F), and 200 �m in (G). (For Q2
interpretation of the references to colour in this figure legend, the reader is referred
to the web  version of this article.)
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Fig. 2. Live cell time-lapse imaging shows E. coli were phagocytosed by mouse OECs. Images show combined fluorescent and differential inference contrast imaging of OECs
(red)  incubated with E. coli that is labelled by FITC (green). (A) A large accumulation of E. coli (arrowhead) adhered to the shaft of an OEC. (B–F) E. coli (arrows) was  phagocytosed
by  the OEC and was  clearly present within the shaft of the OEC. Time is in hours and minutes. Scale bar = 40 �m.  The time-lapse sequence is shown in supplemental movie
1.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. E. coli are localised within the cytoplasm of OECs and Schwann cells. Higher magnification confocal microscopy views show that after 24 h incubation E. coli (green,
arrows) were contained within the cytoplasm of (A) mouse OECs, (B) mouse Schwann cells from the trigeminal nerve, (C) mouse Schwann cells from dorsal root ganglia, and
(D)  human OECs. Inset image in (D) shows anti-p75ntr immunostaining of human cells. Glia in (A–C) express DsRed (red), E. coli is labelled with FITC (green), and nuclei are
stained with DAPI (blue). Scale bar = 20 �m in (A); 30 �m in (B–D); and 50 �m inset in (D). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web  version of this article.)
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Fig. 4. Mouse OECs and Schwann cells phagocytose E. coli more avidly than B. thai-
landensis. Mouse OECs (A and B),  Schwann cells from the trigeminal nerve (C and
D)  and Schwann cells from dorsal root ganglia (E and F) were incubated for 18 h
with E. coli (A, C, and E) or B. thailandensis (B, D, and F). Arrows point to bacteria
internalised within the glia. Bacteria are labelled with green fluorescence, nuclei
are  stained with DAPI (blue). Scale bar = 80 �m in (A–D) and 50 �m in (E–F). Quan-
tification of the percentage of cells with internalised E. coli (unfilled columns) or
B.  thailandensis (filled columns); n = 20–60 cells in each of three fields of view;
p  < 0.0001 ANOVA, and *p < 0.05, *** p < 0.001 for post hoc t-tests. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

capacities to phagocytose E. coli. In stark contrast, when challenged 224

with B. thailandensis all three types of glia were only able to phago- 225

cytose very small quantities of the bacteria. These results show that 226

the three peripheral glia examined have a similar, but selective, 227

ability to phagocytose bacteria. 228

It has been previously shown that OECs can phagocytose E. coli 229

and that Toll-like receptor 4 mediates the binding of the bacteria 230

to OECs [9,19].  Interestingly, it was reported that rat Schwann cells 231

purified from the brachial plexus and sciatic nerve did not respond 232

to E. coli after 2 h incubation [19]; although perhaps with longer 233

incubation the Schwann cells may  have phagocytosed the E. coli. 234

In our hands, mouse Schwann cells from the trigeminal nerve and 235

dorsal root ganglia both avidly phagocytosed E. coli when incubated 236

for at least 6 h. The reason for this difference may reflect differences 237

between rodent species or indicate that subtypes of Schwann cells 238

have differing capacities. 239

Some cells within the cultures did not express DsRed; these cells 240

are likely to be fibroblasts or immature glia which are known to 241

express similar markers and make identification difficult [6].  How- 242

ever, the presence of these cells may  contribute to the ability of 243

the glia cells to phagocytose the bacteria by secreting inflamma- 244

tory factors. The interaction with other cells could be explored in 245

future experiments. 246

Infections of Burkholderia pseudomallei have previously been 247

localised to the nasal cavity and mucosal tissue with distinct 248

infections within the olfactory nerve and olfactory bulb. Despite 249

extensive infection of the nasal cavity, colonisation of the trigemi- 250

nal nerve or the brain stem was  not observed, though not excluded, 251

in that study which suggested that infection of the brain was likely 252

to occur via the olfactory nerve [14]. In the current study, we  used 253

B. thailandensis as it is often used as a non-pathogenic model for 254

B. pseudomallei [21]. We  found that the different glia largely did 255

not respond to B. thailandensis and little phagocytosis occurred. 256

Thus we were unable to determine whether OECs and trigeminal 257

Schwann cells have differing capacities to phagocytose Burkholderia 258

species. Nevertheless, it is clear that peripheral glia can distin- 259

guish between species of bacteria which may  be due to differential 260

carbohydrate expression by bacteria and complementary receptor 261

expression by the glia [10]. 262

As OECs and Schwann cells are being trialled for neural repair 263

therapies [11] our results are of interest since they show that the 264

different glia have similar capacities for phagocytosis. We  have 265

also shown that similar to mouse OECs, human OECs phagocytosed 266

E. coli.  With any surgical intervention there is a risk of contam- 267

ination. Therefore transplanting cells that are known to actively 268

phagocytose bacteria only adds to the benefits of using peripheral 269

glia for neural repair therapies. 270

5. Conclusion 271

We  have shown that OECs and Schwann cells from the trigem- 272

inal nerve and dorsal root ganglia have similar capacities to 273

phagocytose E. coli, but are essentially unable to phagocytose B. 274

thailandensis. 275
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