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Abstract
Studies have shown that a combined application of several ion channel inhibitors immediately after cen-
tral nervous system injury can inhibit secondary degeneration. However, for clinical use, it is necessary to 
determine how long after injury the combined treatment of several ion channel inhibitors can be delayed 
and efficacy maintained. In this study, we delivered Ca2+ entry-inhibiting P2X7 receptor antagonist oxi-
dized-ATP and AMPA receptor antagonist YM872 to the optic nerve injury site via an iPRECIO@ pump 
immediately, 6 hours, 24 hours and 7 days after partial optic nerve transection surgery. In addition, all of 
the ion channel inhibitor treated rats were administered with calcium channel antagonist lomerizine hy-
drochloride. It is important to note that as a result of implantation of the particular pumps required for 
programmable delivery of therapeutics directly to the injury site, seromas occurred in a significant propor-
tion of animals, indicating infection around the pumps in these animals. Improvements in visual function 
were observed only when treatment was delayed by 6 hours; phosphorylated Tau was reduced when treat-
ment was delayed by 24 hours or 7 days. Improvements in structure of node/paranode of Ranvier and 
reductions in oxidative stress indicators were also only observed when treatment was delayed for 6 hours, 
24 hours, or 7 days. Benefits of ion channel inhibitors were only observed with time-delayed treatment, 
suggesting that delayed therapy of Ca2+ ion channel inhibitors produces better neuroprotective effects on 
secondary degeneration, at least in the presence of seromas.   

Key Words: nerve regeneration; optic nerve injury; neurotrauma; secondary degeneration; seromas; calcium 
channel inhibitor; node of Ranvier; Tau phosphorylation; lipid peroxidation; oxidative stress; neural regeneration 

Introduction
Following injury to the central nervous system, secondary 
degeneration of tissue surrounding the primary injury leads 
to further loss of cells and function. In these vulnerable  
regions, excitotoxicity and increased intracellular calcium 
(Ca2+) contribute to mitochondrial dysfunction and oxida-
tive stress (Park et al., 2004; Camello‐Almaraz et al., 2006; 
Peng and Jou, 2010; O’Hare Doig et al., 2014). 

Ca2+ entry pathways into neurons and glia involve volt-
age-gated Ca2+ channels, glutamate-activated N-meth-
yl-D-aspartate receptors, α-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid receptors (AMPAR), and 
adenosine triphosphate activated purinergic P2X7 receptors 
(Agrawal et al., 2000; Matute et al., 2007; Hamilton et al., 
2008). Inhibition of these receptors reduces Ca2+ entry 
(Akaike et al., 1993; Hamilton et al., 2008) as well as mi-

croglial activation, neuronal cell death, oxidative stress, and 
abnormalities in node/paranode structure (Yoles et al., 1997; 
Fitzgerald et al., 2009b; Selt et al., 2010; Savigni et al., 2013). 
In the partial optic nerve transection model of secondary 
degeneration, inhibition of multiple pathways of Ca2+ entry 
using combinations of ion channel inhibitors reduces chron-
ic damage more effectively than targeting individual ion 
channels (Savigni et al., 2013). However, it is unknown how 
long after injury initiation of treatment can be delayed and 
efficacy maintained, making clinical translation of this ther-
apeutic strategy problematic. 

Infection is a confounding factor frequently occurring in 
severe neurotrauma (O’Connor et al., 2004) and/or subse-
quent surgical interventions (Korinek, 1997). However, the 
effects of infection on secondary degeneration and efficacy of 
therapeutic agents are largely unknown. Here, we examine the 
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therapeutic window of the combinatorial ion channel inhibitor 
treatment using the partial optic nerve transection model of 
secondary degeneration, where some animals experienced se-
romas surrounding the drug delivery pump implantation site. 

Materials and Methods
Animals
All experiments were approved by The University of West-
ern Australia animal ethics committee (Approval number 
RA03/100/673) and were performed in accordance with Na-
tional Institutes of Health guide for the care and use of Lab-
oratory animals (NIH Publications No. 8023, revised 1978). 
Adult female Piebald Virol Glaxo (PVG) rats were supplied 
by the Animal Resource Centre (Murdoch, Western Austra-
lia). PVG rats were used as they are non-albino, facilitating 
assessments of visual function, and in order to build upon 
substantial characterization of secondary degeneration in 
this strain by our group (O’Hare Doig and Fitzgerald, 2015). 
Animals were provided with food and water ad libitum un-
der 12 hour light/dark conditions and group-housed until 
surgery after which they were housed individually.

There were seven experimental groups with 6–12 animals 
per group (total n = 72, Table 1). The normal group received 
no surgery; the sham operated group (sham) received the sur-
gical preparation for the partial optic nerve transection (PT) 
surgery and iPRECIO® pump implantation with immediate 
delivery of vehicle, but the dura surrounding the optic nerve 
was not cut and PT was not performed (surgical procedures 
described below). The five PT groups received PT and pump 
implantation, with immediate delivery of vehicle (PT-Veh) or 
the Ca2+ channel inhibitors (PT-t0) (described below): or de-
layed delivery, with Ca2+ channel inhibitor treatment initiated 
at 6 hours (PT-t6), 24 hours (PT-t24) or 7 days (PT-td7).

Surgery and treatments
PT was performed as described previously (Levkov-
itch-Verbin et al., 2003; Fitzgerald et al., 2009b). Briefly, 
rats were anesthetized with ketamine and xylazine intra-
peritoneally (ketamine hydrochloride, 50 mg/kg and xylazil 
hydrochloride, 10 mg/kg, Troy Laboratories, Glendenning, 
Australia). The right optic nerve was exposed approximately 
1 mm behind the eye via a cut in the dura. The PT was deliv-
ered as a 200 µm cut on the dorsal aspect of the nerve using 
a diamond radial keratotomy knife (Geuder AG, Heidelberg, 
Germany). Sterile conditions were maintained throughout 
all surgical procedures in accordance with normal veterinary 
standards, including triple swabbing of surgical sites with 
povidone-iodine solution and 70% ethanol, and autoclave 
sterilization of all instruments. 

All animals receiving PT and the sham operation were 
also implanted with a micro infusion programmable pump 
(model: MK02_V2, iPRECIO®) to deliver ion channel in-
hibitors or vehicle to the site of injury, based upon a modi-
fication of our previous protocol (Savigni et al., 2013). The 
programmable iPRECIO® pumps allow commencement of 
inhibitor delivery at a defined time, and were used in pref-

erence to Alzet osmotic mini-pumps for this study of thera-
peutic window. Immediately prior to the surgery, the pumps 
were filled with sterile phosphate buffered saline (PBS) 
vehicle or the ion channel inhibitors 1 mM oxidised-ATP 
(oxATP; Sigma, Sydney, New South Wales, Australia) and 
240 µM Zonampanel (YM872, LKT Laboratories, St. Paul, 
MN, USA) in sterile PBS, and programmed for immediate 
or delayed-release schedules with delivery at 1 µL/h until 
the end of experiment. Sterility of the pumps was carefully 
maintained prior to implantation. At the time of PT surgery 
and immediately prior to PT, the pump was inserted into a 
subcutaneous pocket on the right flank and the catheter fed 
under the skin to the orbit where it was secured in place us-
ing superglue to attach the catheter to exposed bone. Follow-
ing PT, the catheter from the pump was trimmed, so that the 
tip was close to the injury site immediately adjacent to the 
optic nerve. The surgery sites were closed using 6/0 Silk ram 
sutures. Povidone-iodine solution was applied to the wounds 
followed by subcutaneous analgesic (Norocarp, 2.8 mg/kg) 
and sterile PBS for rehydration. Animals recovered on a 
warming blanket until conscious, and were regularly moni-
tored twice per day, 6 days per week until study completion.

In addition, all of the ion channel inhibitor treated groups 
(PT-t0 to PT-td7) were administered with lomerizine hydro-
chloride (30 mg/kg) orally in butter vehicle twice per day, 
at least 8 hours apart, commencing on the day of surgery 
immediately upon recovery from anaesthetic (PT-t0), or 
following a delay of 6 hours (PT-t6), 24 hours (PT-t24) or 
7 days (PT-td7). Untreated groups (normal, sham, and PT-
Veh) received the butter vehicle orally, commencing on the 
day of surgery (t0). Delayed treatment groups received the 
butter vehicle orally until lomerizine hydrochloride treat-
ment commenced. Lomerizine dosage was based upon pre-
vious dose-response studies, established stability in butter, 
and previous treatment efficacy by this method of delivery 
(Karim et al., 2006; Fitzgerald et al., 2009b).

Optokinetic nystagmus
Two weeks post-surgery, all rats were anesthetised as above, 
and their left eyelids sutured shut (6/0 Silkram) to occlude 
vision in the uninjured left eye. On the following day, the 
animals were acclimatized to the testing room and tested 
for optokinetic nystagmus as a sensitive behavioural test of 
visual function (Abdeljalil et al., 2005). Briefly, animals were 
placed in the centre of a platform surrounded by a series 
of vertical black and white stripes of 5 mm thickness (0.13 
cycles per degree, well within the 1.0–1.5 cycles per degree 
limits of visual acuity in pigmented rats measured binocular-
ly (Prusky et al., 2002)) rotating around the stationary plat-
form. After acclimatization, the head tracking movements 
in response to anticlockwise movement of the stripes were 
recorded for a 2-minute period. Analysis of the total number 
of head tracking movements, and the fast resetting of head 
location was performed blinded to experimental group. Re-
sults were corrected for the time each individual animal was 
engaged in the task.
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Euthanasia and tissue preparation
On the day of testing for optokinetic nystagmus responses 
i.e., 2 weeks after injury, rats were euthanized with Lethabarb 
(Sodium Pentobarbital, 850 mg/kg, i.p.), and transcardially 
perfused with 0.9% NaCl followed by 4% paraformaldehyde 
(VWR Chemicals) in phosphate buffer (0.1 M, pH 7.2). 
Right optic nerves were removed, and post-fixed overnight 
followed by cryoprotection in 15% sucrose in PBS. For 
immunohistochemical studies, tissue was frozen in opti-
mal cutting temperature compound (Tissue-Tek® O.C.T. 
Compound, Sakura® Finetek, Tokyo, Japan) and a cryostat 
(CM1900, Leica, Mt Waverly, Victoria, Australia) was used 
to cut longitudinal optic nerve sections (14 µm) which were 
collected onto Superfrost PlusTM microscope slides (Men-
zel-Gläser, Braunschweig, Germany); sections were stored at 
–80°C until use.

Immunohistochemistry
Sections were air-dried, rehydrated in PBS, followed by 
0.2% Triton X-100 and 5% normal donkey serum in PBS. 
The sections were incubated with primary antibody in 
0.2% Triton X-100 and 5% normal donkey serum in PBS, 
overnight at 4°C. The following primary antibodies were 
used for cellular quantification: IBA1 for resident microglia 
(goat, 1:500, Abcam, Melbourne, Victoria, Australia); ED1 
for activated microglia/macrophages (mouse, 1:500, Merck 
Millipore, Bayswater, Victoria, Australia); Olig2 (goat, 1:250, 
R&D Systems Inc., Minneapolis, MN, USA) together with 
NG2 (mouse, 1:500, Merck Millipore) for oligodendrocyte 
precursor cells (OPCs). Axonal integrity and myelin were 
assessed using antibodies recognizing: βIII-tubulin for 
optic nerve axons (mouse, 1:1,000, Covance, North Ryde, 
NSW, Australia); a commonly phosphorylated form of Tau 
at serine 396 (rabbit, pTau s396, 1:400, Life Technologies, 
Mulgrave, VIC, Australia) and pan Tau (mouse, 1:400, Life 
Technologies) for microtubule stability; myelin basic pro-
tein (MBP; goat, 1:500, Merck Millipore) for myelinated 
axons; and Caspr for paranodes within nodes of Ranvier 
(rabbit, 1:500, Abcam). Oxidative stress was assessed using 
antibodies recognizing 3-nitrotyrosine (3NT) for protein 
nitration (mouse, 1:500, Abcam), manganese superoxide 
dismutase (MnSOD) for antioxidant capacity (rabbit, 1:500, 
Enzo Life Sciences, Farmingdale, New York, USA), and 
4-hydroxynonenal (HNE, rabbit 1:500, Alpha Diagnostics, 
San Antonio, Texas, USA) and acrolein (rabbit, 1:500, Ab-
cam) for lipid peroxidation.

The following day sections were washed three times 
in PBS, and incubated with fluorophore-conjugated spe-
cies-specific secondary antibodies (1:400, Alexa Fluor 488, 
555, 647, Molecular Probes) and Hoechst nuclear stain (0.5 
µL/mL, Invitrogen, Scoresby, Victoria, Australia) at room 
temperature for 2 hours. Sections were washed in PBS and 
cover-slipped in Fluoromount G (Southern Biotechnology, 
Birmingham, Alabama, USA). All sections for each antibody 
combination were immunostained at the same time to en-
sure uniformity of immunohistochemical procedures.

Imaging and analysis
Imaging for semi-quantification was performed using a 
Nikon, TI-E Inverted Microscope, controlled by NIS ele-
ments version 4.0 software (images deconvolved using NIS 
software), or a confocal Nikon c2 mounted on an upright 
Ni-E microscope, controlled by NIS elements 4.3 software 
(Nikon Australia, Rhodes, NSW, Australia). A single image 
was taken from a single section from each animal, of the op-
tic nerve region directly ventral to the primary PT if present. 
This ventral region of the optic nerve is exclusively vulnera-
ble to secondary degeneration (Fitzgerald et al., 2009a) and 
was used for all analyses of the current study. Images were 
edited and analyzed with ImageJ (FIJI version 1.5e, Schin-
delin et al., 2012), ensuring precise consistency of adjust-
ments for images from all animals for any given analysis. 

Cell counts for microglia/ macrophages and OPCs and 
immunointensity analyses for MBP, β-III tubulin, Tau and 
oxidative stress measures were conducted in accordance 
with previously published procedures (Payne et al., 2013; 
Szymanski et al., 2013; O’Hare Doig et al., 2014). Intensity 
analyses were performed on the single most in focus visual 
slice within each image, using ImageJ/Fiji analysis software 
(Schindelin et al., 2012) to semi-quantify the mean intensity 
or area of fluorescence; area based assessments were normal-
ized for the area analyzed.

Analyses of the structure of the node of Ranvier and as-
sociated paranodes were conducted using our previously 
published techniques (Savigni et al., 2013; Szymanski et al., 
2013). In brief, the optic nerve was imaged ventral to the in-
jury at 40× optical magnification to detect immunoreactivity 
of βIII-tubulin and Caspr in 6 µm z-stacks at 0.5 µm optical 
thickness. For stereological analysis, a grid was overlayed 
with square box area equal to 1,250 µm2; the labelled node/
paranode structure closest to the upper-left corner in each 
grid square was quantified. 21 to 45 complexes were ana-
lyzed per animal, assessing mean length of the two paran-
odes in a complex, the length of the paranodal gap, and the 
length of the total complex, manually scrolling up and down 
the z-plane to ensure the full length of each feature was pres-
ent and in focus within the z-stack.

Statistical analysis
Unless stated otherwise, all statistical testing was performed 
using one-way analysis of variance (ANOVA) and met 
the required assumptions. If the ANOVA was significant, 
Dunnett’s post-hoc tests were used, with the PT-Veh group 
serving as the control comparison. For selected compar-
isons, Student’s t-tests were used or Spearman’s rank cor-
relation analyses performed. An α = 0.05 threshold was 
used for testing of significance. All statistical analyses were 
performed using the statistical program R (version 3.2.2, R 
Foundation for Statistical Computing, Vienna, Austria) in R 
Studio (version 0.99.482, RStudio Inc., Boston, MA, USA) 
with packages ez (version 4.2-2, M.A. Lawrence), multcomp 
(version 1.4-5, Hothorn et al., 2008) and plyr (version 1.8.3, 
Wickham, 2011). ANOVA results are presented in the form 
F(dfGroup, dfSample) = F-statistic, P-value), and for post-hoc tests 
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only the P-value is indicated.

Results
General observations: presence of seromas
Following surgery, seromas developed at the pump location 
in a significant number of the surgical intervention groups 
(Table 1), perhaps due to the large size of the pumps relative 
to the small PVG rats, and regardless of aseptic surgical prac-
tices incorporating enhanced sterility. Note that seromas have 
not been observed in our previous studies involving PT sur-
gery (Fitzgerald et al., 2009b, 2010; O’Hare Doig et al., 2014), 
and were small and rarely observed when using the Alzet 
mini-osmotic pumps (Savigni et al., 2013). Animal ethics pro-
tocol restrictions precluded use of antibiotics. Seromas were 
periodically drained of fluid as required for animal welfare. 
Animals were monitored by a veterinarian and did not appear 
to be systemically ill. There is no indication that bacteria or 

exudate made its way to the optic nerve injury site or affected 
the function of the pump. Pathology analysis of selected sero-
ma samples taken by the veterinarian indicated the presence 
of Staphylococcus aureus. Student’s t-tests were employed to 
compare outcomes +/– seroma for each treatment group and 
outcome measure where feasible, and no statistically signifi-

cant differences or trends were found (all P > 0.05), although 
the small numbers of animals when groups were divided into 
+/– seroma reduced statistical power. Therefore, all animals 
within each group were pooled for statistical analyses, and 
data are presented using different symbols for animals with 
and without seroma, to ensure maximum clarity. It is worth 

Figure 1 The effects of partial optic nerve transection (PT) and 
immediate or delayed ion channel inhibitor treatment on visual 
function. 
Mean and distribution of responses per minute in the optokinetic nys-
tagmus test of visual function; pursuits (A) and fast resets (B). Signifi-
cant differences compared to PT-Veh determined by one-way analysis 
of variance followed by Dunnett’s post-hoc test are indicated by *P < 
0.05. N = 6–11 per group (see Table 1 for details). Normal, sham, PT-
Veh, PT-t0, PT-t6, PT-t24 and PT-td7 indicate the groups as described 
in Table 1. 

N
or

m
al

N
or

m
al

S
ha

m

S
ha

m

P
T-

Ve
h

P
T-

Ve
h

P
T-

t0

P
T-

t0

P
T-

t6

P
T-

t6

P
T-

t2
4

P
T-

t2
4

P
T-

td
7

P
T-

td
7

Ion channel inhibitors Ion channel inhibitors

Seroma      No seroma     Group mean

P
ur

su
its

 (/
m

in
)

Fa
st

 re
se

ts
 (/

m
in

)

25

20

15

10

5

0

25

20

15

10

5

0

 A    B   

Table 1 Summary of incidence of seromas in Piebald Virol Glaxo rats for each experimental group 

Normal Sham PT-Veh PT-t0 PT-t6 PT-t24 PT-td7 

No seroma (n) 11 0 0 7 2 1 1
Seroma (n) 0 10 9 3 4 5 5
Total (n) 11 10 9 10 6 6 6
Seroma (%) 0 100 100 30 67 83 83

N = number of animals. Normal, sham, PT-Veh, PT-t0, PT-t6, PT-t24 and PT-td7 indicate groups respectively receiving no surgery; surgical 
preparation for the partial optic nerve transection (PT) surgery and pump implantation with immediate delivery of vehicle (Veh), but no cut of the 
dura surrounding the optic nerve and PT surgery; PT and pump implantation, with immediate delivery of Veh; PT and pump implantation, with 
immediate delivery of Ca2+ channel inhibitors, or delayed delivery, with Ca2+ channel inhibitor treatment initiated at 6 hours, 24 hours or 7 days. 

Figure 2  The effects of partial optic nerve transection (PT) and immediate or delayed ion channel inhibitor treatment on resident microglia 
(IBA1) and macrophages (ED1) in ventral optic nerve vulnerable to secondary degeneration. 
(A) A representative image of the PT injury site and the region of ventral optic nerve used for analyses (boxed), immunohistochemically labelled 
with β-III tubulin+ axons (red). The mean and distribution of cell counts in a field of view (B) all microglia cells (IBA1+; green), (C) microglia that 
are not activated (IBA1+/ ED1–), and (D) activated microglia/macrophages (ED1+; purple). (E) Representative images of the IBA1 and ED1 labelling 
in the ventral optic nerve from each group. **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Dunnett’s post-hoc test). N = 6 – 11 
per group (see Table 1 for details). Scale bars are 50 µm in A and E. Cell nuclei are labelled with Hoechst in blue. Normal, sham, PT-Veh, PT-t0, PT-
t6, PT-t24 and PT-td7 indicate the groups as described in Table 1. 
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Figure 3 The effects of PT and immediate or delayed ion channel inhibitor treatment on immunoreactivity for markers of axonal and myelin 
structure in ventral optic nerve vulnerable to secondary degeneration. 
(A–C) Mean and distribution of immunoreactivity in the ventral optic nerve shown for  (A) myelin basic protein (MBP), (B) pTau s396. (C) pan 
Tau, (D) the ratio of pTau s396/pan Tau immunointensity  in pan Tau-positive regions. (E–H) Representative images are shown for MBP (red) 
(E), pTau s396 (red) (F), pan Tau (green) (G), and composite images of pan Tau and pTau s396 (H). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way 
analysis of variance followed by Dunnett’s post-hoc test). N = 6–11 per group (see Table 1 for details). Scale bars: 50 µm, cell nuclei are labelled with 
Hoechst in blue. Normal, sham, PT-Veh, PT-t0, PT-t6, PT-t24 and PT-td7 indicate the groups as described in Table 1. 

(A) A representative image of the ventral 
optic nerve from a normal animal show-
ing β-III tubulin-labelled axons (red) and 
paranode structure with Caspr (green). 
(B) Magnified view of (A) showing the 
elements of node/paranode structure 
that were quantified: lines indicated by 
‘a’ are the paranode length; ‘b’ indicates 
the paranodal gap; and ‘c’ shows the total 
length of the node/paranode complex. 
Mean and distribution of immunoreac-
tivity in the ventral optic nerve shown for 
(C) β-III tubulin immunoreactivity, (D) 
averaged length of both paranodes, (E) 
paranodal gap, and (F) total node/paran-
ode complex length. *P < 0.05, **P < 0.01 
(one-way analysis of variance followed 
by Dunnett’s post-hoc test). N = 6–11 per 
group (see Table 1 for details). For (A) 
and (B) scale bars are 20 µm and 10 µm 
respectively. Cell nuclei are labelled with 
Hoechst in blue. Normal, sham, PT-Veh, 
PT-t0, PT-t6, PT-t24 and PT-td7 indicate 
the groups as described in Table 1. 

N
or

m
al

N
or

m
al

N
or

m
al

N
or

m
al

P
T-

S
ha

m

S
ha

m

S
ha

m

S
ha

m

P
T-

Ve
h

P
T-

Ve
h

P
T-

Ve
h

P
T-

Ve
h

P
T-

t0

P
T-

t0

P
T-

t0

P
T-

t0

P
T-

t6

P
T-

t6

P
T-

t6

P
T-

t6

P
T-

t2
4

P
T-

t2
4

P
T-

t2
4

P
T-

t2
4

P
T-

td
7

P
T-

td
7

P
T-

td
7

P
T-

td
7

Ion channel inhibitors Ion channel inhibitors Ion channel inhibitors Ion channel inhibitors 

Seroma          No seroma           Group mean

*

* *
* **

**
**

β-
III

 tu
bu

lin
  i

nt
en

si
ty

 (A
.U

.)

 N
od

al
 g

ap
 (μ

m
)

P
ar

an
od

e 
le

ng
th

 (μ
m

)

To
ta

l c
om

pl
ex

 le
ng

th
 (μ

m
)

30

25

20

15

10

5

0

2.50

2.25

2.00

1.75

1.50

1.25

1.0

0.9

0.8

0.7

0.6

0.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

 C    D    E    F   

N
or

m
al

N
or

m
al

N
or

m
al

N
or

m
al

S
ha

m

S
ha

m

S
ha

m

S
ha

m

P
T-

Ve
h

P
T-

Ve
h

P
T-

Ve
h

P
T-

Ve
h

P
T-

t0

P
T-

t0

P
T-

t0

P
T-

t0

P
T-

t6

P
T-

t6

P
T-

t6

P
T-

t6

P
T-

t2
4

P
T-

t2
4

P
T-

t2
4

P
T-

t2
4

P
T-

td
7

P
T-

td
7

P
T-

td
7

P
T-

td
7

Ion channel inhibitors Ion channel inhibitors Ion channel inhibitors Ion channel inhibitors 

Seroma           No seroma             Group mean  **
****

*** ** *

M
B

P 
in

te
ns

ity
 (A

.U
.)

pT
au

 s
39

6 
in

te
ns

ity
 (A

.U
.)

P
an

 T
au

 in
te

ns
ity

 (A
.U

.)

pT
au

 s
39

6/
P

an
 T

au
 ra

tio

140

120

100

80

60

40

20

0

200

180

160

140

120

100

80

60

40

20

0

160

140

120

100

80

60

40

20

0

3.0

2.5

2.0

1.5

1.0

0.5

0

 A    B    C    D   

Normal 	                  Sham 	            PT-Veh 	         PT-t0 	                     PT-t6 	                PT-t24 	            PT-td7 

Figure 4 The effects of partial optic nerve transection (PT) and immediate or delayed ion 
channel inhibitor treatment on structure of the node of Ranvier in ventral optic nerve 
vulnerable to secondary degeneration. 
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Figure 5 The effects of partial optic nerve transection (PT) and immediate or delayed ion channel inhibitor treatment on lipid peroxidation 
in oligodendrocyte precursor cells (OPCs) in ventral optic nerve vulnerable to secondary degeneration. 
(A) A representative image of the co-localisation (white arrows) of Olig2 (purple) and NG2 (yellow), indicating OPCs, and 4-hydroxynonenal (HNE) 
immunofluorescence (red). (B) Mean and distribution of OPC numbers in a field of view from the ventral optic nerve. (C) Mean and distribution 
of immunoreactivity of HNE in Olig2+/NG2+ cells. (D) Representative images of Olig2 (purple), NG2 (yellow), and HNE (red) staining in the ven-
tral optic nerve from animals from each experimental group. *P < 0.05 (one-way analysis of variance followed by Dunnett’s post-hoc test). N = 6–11 
per group (see Table 1 for details). Scale bars: 50 µm, cell nuclei are labelled with Hoechst in blue. Normal, sham, PT-Veh, PT-t0, PT-t6, PT-t24 and 
PT-td7 indicate the groups as described in Table 1. 

Figure 6 The effects of partial optic nerve transection (PT) and immediate or delayed ion channel inhibitor treatment on immunoreactivity of 
oxidative stress indicators in ventral optic nerve vulnerable to secondary degeneration. 
(A–D) Immunointensity analysis showing the mean and distribution of intensity for (A) 3-nitrotyrosine (3NT) (green), (B) manganese superoxide 
dismutase (MnSOD) (red), (C) acrolein (green), and (D) 4-hydroxynonenal (HNE) (red). Representative images from each oxidative stress indica-
tor are shown in (E) to (H) respectively. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Dunnett’s post-hoc test). N = 
6–11 per group (see Table 1 for details). Scale bars: 50 µm, cell nuclei are labelled with Hoechst in blue. Normal, sham, PT-Veh, PT-t0, PT-t6, PT-
t24 and PT-td7 indicate the groups as described in Table 1. 
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noting that all sham animals presented with seromas, as did 
all injured, vehicle treated animals (PT-Veh). In contrast, no 
animals treated immediately with the ion channel inhibitors 
developed seromas. Increasing delay of treatment initiation 
was associated with increasing incidence of seromas (Table 
1). Spearman’s rank correlation analysis indicated a significant 
correlation between seroma incidence and treatment delay (R 
= 0.558, S = 3,723.9, P value = 0.0003), although it is import-
ant to note that group numbers are small and results should 
be interpreted with caution.

Visual function
Two weeks after PT, all rats were assessed for optokinetic 
nystagmus pursuit and fast reset responses as an indica-
tion of visual function (Figure 1). There was no significant 
difference in the total number of pursuits between groups 
(F(6, 53) = 1.588, P = 0.17). However, there was a significant 
difference in the number of fast resets per minute (F(6, 53) = 
2.734, P < 0.05). Post-hoc comparisons revealed that there 
were fewer resets in the PT-Veh group compared to both the 
sham (P < 0.05) and PT-t6 (P < 0.05) groups, indicating both 
the expected reduction in number of responses with injury 
(Fitzgerald et al., 2009b), and a beneficial effect of treatment 
delayed for 6 hours after injury.

Microglia/ macrophage cell numbers
Cellular and structural outcomes were assessed in optic 
nerve ventral to the PT injury site (Figure 2A). The effects of 
sham surgery or PT with vehicle or ion channel inhibitors on 
microglia/macrophage numbers in the ventral optic nerve, 
were assessed using IBA1 as a marker of resident microglia, 
and/or ED1 as an indicator of activated microglia/macro-
phages (Figure 2B–E). As expected and in line with our 
previous work (Fitzgerald et al., 2009b), ANOVA revealed 
significant differences in the numbers of resident IBA1+ cells 
between experimental groups (F(6, 55) = 12.65, P < 0.001), with 
post-hoc tests indicating that PT–Veh had more microglia 
compared to both the normal (P < 0.001) and sham groups 
(P < 0.001; Figure 2B). However, there were no differences 
between vehicle and ion channel inhibitor treatment groups 
(P > 0.05; Figure 2B). Similarly, there were also changes in 
the number of resident resting microglia between experi-
mental groups (IBA1+/ED1–, F(6, 55) = 3.102, P < 0.05; Figure 
2C), with increased numbers of resting microglia in PT-Veh 
compared to the normal group (P < 0.01), although numbers 
of resting microglia in PT-Veh were not different from sham 
group (P > 0.05). There were no differences between PT-
Veh and any of the ion channel inhibitor treated groups (all 
P > 0.05). The total numbers of activated ED1+ microglia/
macrophages were also different in the various experimental 
groups (F(6, 55) = 14.9, P < 0.0001; Figure 2D). Post-hoc tests 
revealed that PT-Veh had elevated numbers of ED1+ cells 
compared to both normal (P < 0.001) and sham (P < 0.001) 
groups. Once again, there were no effects of Ca2+ channel in-
hibitor treatment, relative to PT-Veh (all P > 0.05). Note that 
all ED1+ cells were also IBA1+. There were no indications 
that seromas over the drug delivery pump on the flank of the 

animal affected the numbers of microglia/macrophages in 
the optic nerve, as overlap between data points from animals 
with or without seromas was evident (Figure 2B–D).

Components of myelin and axons
MBP immunofluorescence, assessed in ventral optic nerve 
as an indicator of myelin integrity, was significantly different 
between groups (F(6, 47) = 3.475, P ≤ 0.01; Figure 3A). How-
ever, post-hoc analysis did not reveal significant differences 
between PT-Veh and other experimental groups (P > 0.05). 
The immunointensity of the microtubule-associated protein 
pTau s396 was also different between experimental groups 
(F(6, 46) = 7.308, P < 0.0001; Figure 3B). Specifically, post-hoc 
analysis revealed that pTau s396 immunoreactivity was great-
er in the injury group PT-Veh compared to the uninjured 
groups, normal (P < 0.001) and sham (P < 0.01). In addition, 
ion channel inhibitor treatment delayed by 24 hours (PT-t24, 
P < 0.01) or 7 days (PT-td7, P < 0.01) resulted in reduced 
immunofluorescence of pTau s396, relative to PT-Veh. The 
immunointensity of pan Tau was not significantly differ-
ent between experimental groups (F(6, 46) = 1.446, P = 0.22; 
Figure 3C). When analyses were confined to pan Tau im-
munopositive regions, calculation of the ratio of pTau s396/
pan Tau immunointensity revealed significant differences 
(F(6, 46) = 4.149, P ≤ 0.01; Figure 3D). Specifically, the ratio 
was elevated for PT-Veh compared to normal (P ≤ 0.01), 
and delaying ion channel inhibitor treatment by 24 hours 
reduced the ratio of pTau s396 /pan Tau (PT-t24, P < 0.05). 
β-III tubulin immunofluorescence, assessed in ventral optic 
nerve as an indicator of axonal integrity, was significantly 
different between groups (F(6, 49) = 2.791, P = 0.0205; Figure 
4C). However, post-hoc analysis did not reveal significant 
differences between PT-Veh and other experimental groups 
(P > 0.05). Once again, seromas did not appear to have any 
consistent effect on indicators of myelin or axonal structure 
within each group (Figure 3A–D).

Structure of the node of Ranvier
The structure of the node of Ranvier in ventral optic nerve 
susceptible to secondary degeneration was assessed using 
Caspr and βIII-tubulin immunoreactivity to delineate paran-
odes and the paranodal gap, indicative of the length of the 
node, respectively (Figure 4A, B). The paranode length was 
affected by experimental treatments (F(6, 54) = 4.948, P ≤ 0.001; 
Figure 4D). In line with our previously published outcomes 
(Szymanski et al., 2013), the PT-Veh group exhibited paran-
ode lengthening compared to normal group. Ion channel 
inhibitor treatment delayed by 6 or 24 hours or 7 days after 
injury resulted in significant reductions in paranode length 
(all P < 0.05). However, there was no difference between PT-
Veh and sham groups (P > 0.05), and immediate treatment 
did not result in any change to paranode length relative to 
PT-Veh control (P > 0.05; Figure 4D). The paranodal gap 
was not different between experimental groups at this time-
point after injury (F(6, 54) = 1.839, P = 0.109; Figure 4E). The 
total length of the node/paranode complex was different be-
tween experimental groups (F(6, 54) = 4.881, P < 0.001; Figure 
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increased in the PT-Veh group than in the normal group (P 
< 0.05), but there was no significance between PT-Veh and 
sham groups (P > 0.05). HNE immunointensity was only 
decreased by ion channel inhibitor treatment delayed by 7 
days (PT-td7, P < 0.05). There were no consistent effects of 
seromas on any of oxidative stress indicators that were as-
sessed (Figure 6A–D).

Discussion
The purpose of this study was to examine how long one 
could delay treatment of secondary degeneration with a 
combination of ion channel inhibitors proven to provide 
long term benefits, and maintain efficacy. It is important 
to investigate the therapeutic window of treatment strat-
egies, as intervention after neurotrauma such as spinal 
cord injury is rarely immediate, and treatment delays affect 
outcomes (Bracken et al., 1997). However, our study was 
confounded by the presence of seromas surrounding the 
programmable iPRECIO® treatment delivery pumps on the 
flanks of animals, indicating inadvertent infection follow-
ing infusion-pump implantation. It is important to note 
that seromas or infections at the PT injury site have not 
been observed in this or our previous studies conducting 
PT injury (Fitzgerald et al., 2009b; Szymanski et al., 2013; 
O’Hare Doig et al., 2014); seromas surrounding implanted 
Alzet osmotic mini-pumps were small and extremely rare 
(Savigni et al., 2013). 

Partial transection of the optic nerve resulted in acute deficits 
that were predominantly expected and in line with our re-
ported outcomes (Fitzgerald et al., 2009b; Szymanski et al., 
2013; O’Hare Doig et al., 2014), with reduced visual-motor 
responses, increased microglia/macrophage numbers, al-
tered axonal stability and myelin structure and increases 
in indicators of oxidative stress. As previously described 
(Fitzgerald et al., 2010), the observed increases in myelin 
immunoreactivity with injury are likely due to altered my-
elin structure resulting in increased immunogenicity, rather 
than any increases in myelin. Increased MBP immunore-
activity has been shown to reflect a release of MBP into the 
surrounding milieu, accompanied by upregulated expression 
of MBP mRNA and protein (Bartholdi and Schwab, 1998), 
and/or conformational changes (Kozlowski et al., 2008). 
However, sham injured groups were sometimes not different 
from PT injured and vehicle treated animals, particularly for 
indicators of node/paranode structure and oxidative stress. 
This is in contrast to our previous reports of no effect of 
sham PT surgery relative to normal (Fitzgerald et al., 2009b).  
Furthermore, the response of OPCs to secondary degen-
eration was unexpected and not in line with our previous 
reports (Payne et al., 2013), with no reduction in OPC num-
bers with PT injury. Current and ongoing parallel studies 
in our laboratory have confirmed our reported depletion of 
OPC numbers with PT injury (manuscript in preparation), 
indicating that the presence of seromas in PT vehicle treated 
animals has impacted upon the normal depletion of OPC 
numbers, countering the expected decrease with PT injury.

Aspects of secondary degeneration were responsive to 

4F). Significant lengthening of the complex was observed as 
a consequence of PT injury, and ion channel inhibitor treat-
ment delayed by 6 or 24 hours led to significant reductions 
relative to PT-Veh (all P < 0.01; Figure 4F). Seromas did not 
have any consistent effect on node/paranode structure with-
in each group (Figure 4C–F).

Oxidative stress in OPCs
The number of OPCs and the degree of lipid peroxidation 
within these cells were examined in ventral optic nerve (Fig-
ure 5). The total number of OPCs was unchanged between 
experimental groups (F(6, 56) = 1.541, P = 0.182; Figure 5B). 
This finding is in contrast to our previous report of depleted 
OPCs following PT injury (Payne et al., 2013), and may have 
occurred as a consequence of seromas in the PT-Veh group. 
However, lipid peroxidation, indicated by HNE immuno-
fluorescence, was changed within OPCs as a consequence of 
experimental treatment (F(6, 51) = 2.561, P < 0.05; Figure 5C). 
Specifically, HNE intensity within OPCs was significantly 
reduced with ion channel inhibitor treatment when treat-
ment was delayed by 7 days, compared to PT-Veh (PT-td7, 
P < 0.05). There were no other significant changes relative to 
PT-Veh, including sham (all P > 0.05). Seromas did not con-
sistently influence either OPC numbers, or HNE intensity in 
OPCs within each group (Figure 5B, C).

Oxidative stress throughout the vulnerable optic nerve
The effects of sham or PT injury and vehicle or inhibitor 
treatment on the oxidative stress indicators 3NT, MnSOD, 
acrolein, and HNE were assessed in ventral optic nerve vul-
nerable to secondary degeneration. Protein nitration indicat-
ed by 3NT immunoreactivity was significantly different be-
tween experimental groups (FF(6, 43) = 3.43, P ≤ 0.01;  Figure 
6A, E). 3NT immunoreactivity was elevated in PT-Veh group 
relative to normal group (P < 0.01) and delayingion channel 
inhibitor treatment by 24 hours led to a significant reduction 
(PT-t24, P < 0.05). There were no differences between the 
PT-Veh group and other treatment groups, including sham 
(all P > 0.05). There was also a change in immunointensity 
of the antioxidant enzyme MnSOD between experimental 
groups (F(6, 43) = 4.51, P < 0.01; Figure 6B, F), with PT-Veh 
group exhibiting significantly higher immunofluorescence 
than normal group (P ≤ 0.05) and delayed treatment result-
ing in significant reductions in the PT-t6 (P ≤ 0.05), PT-t24 
(P < 0.01), and PT-td7 (P ≤ 0.05) groups. However, there 
were no significant differences between PT-Veh and sham 
groups (P > 0.05), or following immediate treatment (PT-t0, 
P > 0.05). Indicators of lipid peroxidation, acrolein (F(6, 47) 
= 4.62, P < 0.001, Figure 6C, G) and HNE (F(6, 51) = 3.19, P ≤ 
0.01; Figure 6D, H) also differed between groups.  

Acrolein immunointensity was significantly greater in 
the PT–Veh group than in the normal group (P ≤ 0.001), 
but there was no significant difference between PT-Veh and 
sham groups (P > 0.05). Acrolein immunointensity was 
significantly decreased after treatment delayed by 24 hours 
or 7 days compared to PT-Veh (PT-t24, P ≤ 0.05; PT-td7, P 
< 0.01). Similarly, HNE immunointensity was significantly 
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treatment with the combination of ion channel inhibitors. 
The combinatorial treatment strategy preserved visual 
function, limited disruptions to axonal integrity and node/
paranode structure, and reduced oxidative stress, consistent 
with improvements reported in our previous studies (Fitzgerald 
et al., 2009b; Savigni et al., 2013). However, the expected sim-
ple correlation of increasing efficacy with speed of initiation 
of treatment was not observed. For example, oxidative stress 
was reduced most effectively when treatment was delayed 
by 7 days. Indeed, immediate treatment did not result in any 
significant improvements in the indices assessed in this study. 
This is in direct contrast to our reported beneficial effects on 
function, myelin compaction and node/paranode structure, 
when outcomes of 2 weeks of oxATP and YM872 treatment, 
together with continuous lomerizine treatment, were assessed 
at 3 months following injury (Savigni et al., 2013). It is possible 
that at 2 weeks after injury, the combination of ion channel in-
hibitors does not result in beneficial effects when treatment is 
initiated at the time of injury, indicating some form of transient 
lack of efficacy that is rescued by maintaining lomerizine treat-
ment until 3 months after injury. However, we consider it per-
haps more likely that the presence of seromas has confounded 
outcomes and may have led to competing interactions with 
the ion channel inhibitors. There is no clear clustering of data 
points +/- seroma for any of the outcome measures assessed, 
however subtle skewing of outcomes is possible. Indeed, the 
lack of any seromas in animals where treatment was initiated 
at the time of PT surgery and pump implantation indicates 
that the ion channel inhibitors may have in some way limited 
seroma formation, and in so doing reduced bioavailability of 
the inhibitors to counter the spread of secondary degeneration. 
Such an effect is more likely for lomerizine, which was orally 
administered and therefore more systemically bioavailable than 
oxATP and YM872 delivered directly to the optic nerve inju-
ry site. Search of the literature did not reveal reports of direct 
anti-bacterial or anti-seroma effects of ion channel inhibitors. 
While application of the Ca2+ channel inhibitors verapamil, 
nifedipine and diltiazem inhibit the in vitro destruction of 
Staphylococcus Aureus by monocytes and peritoneal polymor-
phonuclear cells (Levy et al., 1991), our observation of no sero-
mas in animals where treatment was initiated at the time of PT 
surgery and pump implantation argues against such an effect 
in this particular scenario. Anti-inflammatory effects of Ca2+ 
channel inhibitors have been reported in vivo and a similar 
mechanism may be operating here (Huang et al., 2014). 

The bacterium detected in the seromas was Staphylococ-
cus aureus, which expresses a variety of neurodegenerative 
factors, such as lipoteichoic acid (LTA) and α-toxin. In vivo 
application of LTA to cell cultures results in neuronal death, 
which is likely mediated by activation of microglia and astro-
cytes, resulting in oxidative and nitrosative stress (Kinsner et 
al., 2005; Boveri et al., 2006). In addition, LTA disrupts the 
blood-brain barrier, resulting in the release of inflammatory 
cytokines (Boveri et al., 2006; Sheen et al., 2010), further in-
ducing vulnerability in the central nervous system. α-Toxin is 
extravasated during blood-brain barrier breach (Sjogren et al., 
1991), binds directly to nerves (Szmigielski and Harshman, 

1978) and damages myelin (Harshman et al., 1985)  via excess 
phosphorylation of MBP (Chan and Lazarovici, 1987), result-
ing in myelin destabilization (Boggs, 2006). As such, α-toxin 
may have contributed to degeneration of axons and myelin 
in animals in which seromas were observed, for example, in-
creasing indicators of secondary degeneration in sham injured 
animals. Staphylococcus toxins LTA and α-toxin utilize path-
ways that mediate damage which are Ca2+-channel indepen-
dent (Suttorp et al., 1985; Bantel et al., 2001; Ginsburg, 2002), 
and are therefore unlikely to be affected by the combination of 
ion channel inhibitors used in the current study. Nevertheless, 
we observed beneficial effects of the combination of ion chan-
nel inhibitors in the presence of seromas when treatment was 
delayed, indicating that the inhibitors were effective in this 
context, in spite of concomitant infection.

Conclusion
The current study demonstrates that peripheral infection 
may confound outcomes of ion channel inhibitor treatments, 
masking both assessments of pathology of secondary de-
generation and the treatment response. This highlights the 
need for careful control of infection and use of prophylactic 
antibiotics in both clinical populations and animal studies, 
as the benefits of therapies may only be apparent in aseptic 
environments. Despite this, beneficial functional, structural 
and metabolic effects of the combination of the ion channel 
inhibitors lomerizine, oxATP and YM872 were observed, 
even when treatment was delayed for as long as 7 days after 
injury. Our data support the clinical utility of this combina-
torial inhibitor approach.
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