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Abstract
Axons of a peripheral nerve grow faster after an axotomy if it attains a prior injury a few days earlier. This is called condition-
ing lesion effect (CLE) and very much valued since it may provide new insights into neuron biology and axonal regeneration. 
There are established in vivo experimental paradigms to study CLE, however, there is a need to have an in vitro conditioning 
technique where CLE occurs in a maximally controlled environment. Mouse primary sensory neurons were isolated from 
lumbar 4–5 dorsal root ganglia and incubated at 37 °C on a silicon-coated watch glass that prevents cell attachment. After 
this conditioning period they were transferred to laminin coated culture dishes. Similar cultures were set up with freshly 
isolated neurons from control animals and from the animals that received a sciatic nerve cut 3 days earlier. All prepara-
tions were placed on a live cell imaging microscopy providing physiological conditions and photographed for 48 h. Axonal 
regeneration and neuronal survival was assessed. During the conditioning incubation period neurons remained in suspended 
aggregates and did not grow axons. The regeneration rate of the in vitro conditioned neurons was much higher than the 
in vivo conditioned and control preparations during the first day of normal incubation. However, higher regeneration rates 
were compromised by progressive substantial neuronal death in both types of conditioned cultures but not in the control 
preparations. By using neutralizing antibodies, we demonstrated that activity of endogenous leukemia inhibitory factor is 
essential for induction of CLE in this model.
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Introduction

We know for more than a century that unlike the central 
nervous system, regeneration of severed fibers is possible 
after an injury in the peripheral nerves. Interestingly, if a 
peripheral nerve receives two subsequent lesions, the first 
one strongly enhances regeneration after the second one. 
This phenomenon is called “conditioning lesion effect 
(CLE)” (Forman et al. 1980; McQuarrie et al. 1977; Thomas 
1970). Understanding CLE has been highly valued since it 
may potentially contribute to develop strategies to encour-
age regeneration in the central nervous system, to enhance 

it in the periphery, and even to prevent neurodegeneration 
(Franz et al. 2009).

The most obvious result of CLE is the acceleration of 
axonal growth; which is probably due to increased protein 
synthesis (Jacob and McQuarrie 1993). Indeed, while regen-
eration after a standard injury can occur with existing pro-
tein pool, at least during the first few days, CLE requires 
transcription of new genes that takes place during condi-
tioning period (Smith and Skene 1997). Two successive 
conditioning lesions had more stimulatory effect on axonal 
growth than a single one (Sjoberg and Kanje 1990a). Both 
central and peripheral axons of an in vivo conditioned neu-
ron have enhanced regeneration suggesting that CLE does 
not only locally support the cut fibers but involves the whole 
cell, transforming it from transmission to growth mode (Mar 
et al. 2014).

Mechanism and mediators of CLE have been studied for 
decades, but the picture is still not complete. One important 
issue is the contributions of peripheral and central signals to 
CLE. This requires understanding the roles of inflammatory 
mediators, macrophages, lack of target derived factors and 
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central and peripheral glial cells. When conditioning and test 
lesions were made at the same place, CLE was stronger, sug-
gesting that lesion environment contributes to acceleration of 
axonal growth (Sjoberg and Kanje 1990a, b). Schwann cells 
from conditioned nerves support high regeneration rates 
in control axotomies (Torigoe et al. 1999) which may be 
related to high amount of laminin and fibronectin deposited 
in extracellular matrix during conditioning period (Ekstrom 
et al. 2003; Gardiner et al. 2007; Kwon et al. 2015). It was 
suggested that even chemical demyelination in a peripheral 
nerve is enough to induce a conditioning—like effect (Hol-
lis et al. 2015). Although these findings suggest a periph-
eral induction and maintenance of CLE, central induction 
also seems possible. For example inducing inflammation in 
dorsal root ganglia (DRGs) produces a conditioning—like 
effect, which is thought to be mediated by satellite glial cells 
around the neurons (Lu and Richardson 1991).

High regeneration rates due to CLE are often attributed 
to acceleration of the axonal transport of structural proteins 
(Mar et al. 2014; McQuarrie 1986; Redshaw and Bisby 
1987). Interestingly, a decrease in neurofilament expression 
following the test lesion was suggested to facilitate transport 
of tubulin by less interference (Tetzlaff et al. 1996).

cAMP is thought to play an essential role for CLE, espe-
cially in the spinal sensory fibers but not accountable for 
all of the improvements in regeneration (Blesch et al. 2012; 
Han et al. 2004; Knott et al. 2014; Qiu et al. 2002). It was 
reported that promotion of central fiber regeneration follow-
ing a conditioning lesion to the peripheral branch requires 
IL-6 upregulation (Cafferty et al. 2004). Leukemia inhibi-
tory factor (LIF) and neuropeptide galanin also play impor-
tant roles in CLE (Cafferty et al. 2001; Sachs et al. 2007). 
Dibutyril cAMP injection into DRG produced a CLE-like 
effect by increasing LIF and IL-6 mRNA levels in the sen-
sory neurons and in sympathetic nerves. CLE was shown 
to depend on LIF, IL-6, IL-11, and oncostatin M (gp130 
cytokines) (Hyatt Sachs et al. 2010; Wu et al. 2007).

Most of the in vivo conditioning lesion studies have been 
performed using sciatic nerve injury as an axotomy model 
(Savastano et al. 2014). Most current in vitro models also 
often start with a sciatic nerve injury; after a conditioning 
period L4 and L5 DRGs are removed, isolated primary 

sensory neurons are cultured and axonal outgrowth is quan-
tified (Chen et al. 2016). While this method proved efficient 
to study consequences of CLE, it hardly allows to the study 
mechanism of conditioning as it develops under uncontrolled 
in vivo conditions. In this study, we developed a new tech-
nique that enables to model the conditioning with isolated 
neurons in a maximally controlled defined environment and 
demonstrated that LIF is required to induce CLE in this 
in vitro model.

Materials and Methods

All surgical procedures were conducted under sterile condi-
tions and in conformity with institutional guidelines that are 
in compliance with European Economic Community Coun-
cil Directive 86/609. All efforts were made to reduce the 
number of animals used. A local ethical committee approval 
was obtained for animal use in the experiments.

Graphical summary of the technique was presented in 
Fig. 1.

Neuron Culture

Adult Balb-c mice aged 6–12 weeks were used in all experi-
ments. For in vivo conditioning experiments mice were anes-
thetized by an I.P. injection of ketamin (100 mg/kg, Ketalar, 
Pfizer, Istanbul, Turkey) and a unilateral sciatic nerve tran-
section was done as a conditioning lesion 3 days before the 
cell culture as described earlier (Ozturk and Tonge 2001). 
Before surgically removing L4-L5 DRGs for cell culture 
under a stereomicroscope, ketamin (100 mg/kg, Ketalar, 
Pfizer) was administered intraperitoneally to anesthetize 
the mice, which were then sacrificed by cervical transec-
tion. Cultures of primary sensory neurons were set up as 
described before (Cengiz et al. 2012). Briefly, any attached 
nerves to DRGs were cut off with micro scissors and the 
ganglia were first digested with collagenase (Sigma) and 
then treated with trypsin (Sigma). The ganglia were then 
trituration for about 15 min by gently and repeatedly pipet-
ting through the tips of narrowing bores and finally a fine 
injector needle. The cell suspension obtained was treated 

Fig. 1   Graphical summary of in vitro neuronal conditioning technique
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with DNAse, spun and the pellet was re-suspended in Neu-
robasal A supplemented with B27 (Thermo Fisher), antibi-
otic solution, and glutamine (NBA-B27). To purify neurons, 
a three-layer percol (Sigma) gradient (60, 35, and 10% from 
bottom to top) was used and after spinning at 3000 g for 
20 min. The neurons collected from 35% layer were washed 
with NBA-B27, spun once more and pellet was re-suspended 
in NBA-B27. The cell suspension was transferred on silicon 
(WPI-Dow Corning) coated watch glass that does not allow 
cell attachment. By this way neurons were incubated for 3 
days (37 °C and 5% CO2) as suspended aggregates and they 
were given time to get conditioned. At the end of the third 
day they were triturated and seeded on 35 mm diameter glass 
bottomed Petri dishes (WPI) coated with poly-l-lysine and 
laminin. In vivo conditioning and control group neurons 
were directly transferred to the culture dishes on the day of 
isolation. Neurons were incubated in NBA-B27.

Testing the Reliability of In Vitro Conditioning

In this part, we evaluated whether floating cells survived the 
in vitro incubation period and they extended neurites while 
in aggregates. That was because we aimed to inflict only 
one axotomy to the neurons, which inevitably occur during 
tissue dissociation. If neurons grew axons during in vitro 
conditioning, they would receive another axotomy during 
trituration before transferring to culture dishes. To confirm 
the identity of neurons in aggregates and define their mor-
phological features, indirect immunofluorescence technique 
was used. Some aggregates were fixed in 4% paraformal-
dehyde at RT for 15 min and blocked and permeabilized 
for 30 min with phosphate buffered saline (PBS) containing 
0.1% triton-x, 5% goat serum, and 0.1% Na-azide. Prepa-
rations were then washed with PBS and incubated with 
mouse anti-NFH IgG (Sigma, clone NE14) for 2 h. After 
washing with PBS, they were incubated with Alexa fluor 
488 goat anti-mouse IgG (Thermo) for 2 h. Finally, prepara-
tions were given three more washes with PBS and imaged 
with a laser scanning confocal microscope (LSM510, Zeiss, 
Germany). To evaluate the viability of cells we added cal-
cein AM (C-AM, 5 µm Calbiochem) and propidium iodide 
(PI, 7.5 µM Sigma), which stain live and dead cells respec-
tively, to culture medium and incubated for 20 min at the 
end of the third day of in vitro conditioning. Then the cells 
were imaged with the laser scanning confocal microscope. 
Depending on the nuclear staining, percentage of viable neu-
rons was calculated.

To determine whether the cells get damaged during tritu-
ration, Lucifer yellow (LY, 0.1% Sigma) or 4K fluorescein 
dextran (FD, 1 µg/ml BioChemica) was added into cell sus-
pension before the in vitro conditioned cells were transferred 
to Petri dish. The cell suspension was then triturated; cells 
were seeded on culture dishes, incubated for 1 h and imaged 

with laser scanning confocal microscope. To prevent intake 
of these compounds by endocytosis the pH of cell suspen-
sion was reduced to 5.7 in some experiments (Davoust et al. 
1987).

Comparison of Axon Regeneration from Control 
and Conditioned Neurons

The rates of axonal growth from in vivo or in vitro condi-
tioned and freshly isolated DRG neurons were analyzed with 
a time lapse microscopy system (Cell observer, Zeiss) where 
multiple positions of preparations could be imaged at desired 
time intervals over long periods, while a physiological envi-
ronment was created for the cells in an stage top incubator 
(Ozturk and Erdogan 2004). Images of individual neurons 
were digitally captured every 15 min for 48 h. The process 
was programmed and automatically executed using Axiovi-
sion 3.0 software. To monitor the viability of the neurons PI 
was added to the medium (7.5 µM).

Investigating Role of LIF in In Vitro Conditioning

In order to understand the role of LIF in in vitro condi-
tioning, some preparations were treated with neutralizing 
anti-LIF antibodies (Sigma) at 1/1000 concentration during 
conditioning and culturing or conditioning only. To dem-
onstrate existence of LIF and its receptor in the neurons, 
immunofluorescence staining was performed using goat 
anti-LIF (Sigma) and rabbit anti-LIF receptor beta (LIFRβ) 
(Santa Cruz) IgG’s as primary and Alexa fluor 488 chicken 
anti-goat IgG and Alexa fluor 594 chicken anti-rabbit IgG 
(Thermo) as secondary antibodies. The staining protocol 
was similar to what was described above for neurofilament 
except that in blocking solution, chicken serum was used 
instead of goat. In some experiments, during conditioning 
incubation, protein transcription was inhibited with 50 µM 
5.6 dicholorobenzimidazole riboside (DRB, Sigma) and 
translation with 1/1000 anisomycin (Sigma) to elucidate 
expression pattern of LIF.

Image and Statistical Analyses

For each experimental group, three replicates were per-
formed using three different animals. Neurons from each 
animal were cultured in a single dish. About 50 neurons 
from a total of 12–15 microscopic fields in three culture 
dishes were tracked, analyzed, and the results were pooled 
for each group.

For image analyses, Image J software was used. The 
length of the first axon grown by each neuron was meas-
ured and regeneration rate (RR) was calculated for every 
3-h intervals. Since not all axons continuously grow at 
every interval, a “regeneration activity index, (RAI)” was 



64	 Cellular and Molecular Neurobiology (2019) 39:61–71

1 3

produced by multiplying regeneration rates by the propor-
tion of tracked neurons that grew axons in a given interval 
(RAI = RR × number of tracked neurons actively growing 
axons/number of all tracked neurons). Changes in LIF and 
LIFRβ immunoreactivities were assessed measuring the 
brightness of the signal in in vitro conditioned neurons with 
and without DRB and anisomycin. For the statistical evalua-
tions, SPSS software package was used. For the comparison 
of means among groups one-way ANOVA and post-hoc LSD 
tests were used. To compare survival rates, Fisher’s Exact 
test was conducted.

Results

DRG neurons clumped together and form aggregates dur-
ing the in vitro conditioning. With NFH staining, large and 
round cells that make the main bulk of the aggregates were 
identified as neurons (Fig. 2). To test the viability of the 
neurons in these aggregates they were stained with C-AM 
and PI and then imaged with laser scanning confocal micro-
scope. The strong C-AM staining with seldom PI-stained 

nuclei indicated high level of neuronal viability (96.4%), 
whereas there were numerous small red nuclei around the 
neurons, probably belonging to the satellite cells (Fig. 2). 
C-AM normally stains all extensions of a healthy neuron; 
we observed very few such stained extensions within the 
aggregates, indicating that in general, most of the neurons 
did not grow axons during conditioning period. To confirm 
this LY or FD was added to the culture medium just before 
the trituration at the end of the conditioning period, assum-
ing that any potential unwanted axotomy would let these 
compounds into the neurons. Most of the neurons had slight 
fluorescent signal, which was probably due to endocytosis as 
this was prevented with low pH. Only few neurons (< 1%) 
stained brightly under neutral and low pH conditions. These 
were probably the neurons that extended axons while they 
were within the aggregates and received a second axotomy 
during trituration.

The percentages of neurons growing axons within first 
24 h were 84.6 ± 2.5%, 82.4 ± 4% and 88.8 ± 1.8% in control, 
in vivo and in vitro conditioned groups respectively (p > 0.05 
among the groups). Thus, more than 30 axon-growing neu-
rons were imaged in each group.

Fig. 2   Appearance of neuronal 
aggregates in suspension during 
conditioning incubation (a). 
Viability of neurons was high as 
assessed with calcein AM (b). 
Dead cell indicator propidium 
iodide stained many small 
nuclei around the neurons, 
probably belonging to satellite 
glial cells (c, d). Occasional 
PI-stained large nuclei prob-
ably belonged to dead neurons 
(arrow heads). The identity of 
the neurons was confirmed with 
NFH immunostaining (inlet)
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Regeneration rate of axons growing out of control neu-
rons almost steadily increased from about 5 µm/h to around 
20 µm/h during 48 h of incubation (Figs. 3, 4). In vivo con-
ditioned neurons started to grow axons almost twice as fast; 
the rate slightly increased during the course of incubation. 
The neurons conditioned in vitro, on the other hand, exhib-
ited a reverse trend; a high rate over 20 µm/h during initial 
hours of incubation dropped to 5 µm/h at the end of 48th 
hours. While the maximum regeneration rate was more than 
five- and ten-fold higher in vivo and in vitro conditioned 
neurons respectively, the highest rate (162.3 µm/h) was 
scored by a neuron in control cultures during 31–33 h of 
incubation. RAI analyses showed that more neurons started 
to grow axons at the start of the incubation in conditioned 
preparations, but more neurons were active in control cul-
tures after 24 h.

While all neurons survived in control preparations and 
only a few died in in vivo conditioned group, 30% died in 
conditioned cultures at 24th h of incubation (Fig. 4). How-
ever, at the end of second day while control cultures had only 
15% loss, both in vivo and in vitro conditioned preparations 
lost about 60% of the neurons.

When the activity of endogenously expressed LIF was 
blocked by a neutralizing antibody during in vitro condition-
ing and culturing, conditioning was totally abolished and 
both average regeneration rate and RAI dropped even below 
control values (Fig. 5). When LIF inhibition was limited 
to the conditioning period, though regeneration rate was 
similar to control preparations, more neurons kept growing 
axons as reflected in a high RAI. Inhibition of transcrip-
tion or translation decreased the amount of LIF and LIFRβ 
significantly.

Discussion

In this study, we developed and showed reliability of an 
in vitro neuronal conditioning technique. During the dissoci-
ation for cell culture, the DRG neurons lose their axons due 
to enzymatic treatment and mechanical effects. In the cur-
rent model, this was assumed to be the initial conditioning 
axotomy. The isolated neurons were kept in suspension to 
prevent axonal growth. This was a strategy to reduce energy 
expenditure and to enhance and preserve protein pool, which 
was presumed to create a conditioning effect. Three days was 
reported to be the shortest interval to observe an effective 
CLE (Jacob and McQuarrie 1993); consistent with this, we 
incubated DRG neurons in suspension for 3 days to condi-
tion. Fluorescent dye experiments with C-AM, LY, and FD 
confirmed that neurons survive the conditioning incubation 
period and only negligible number of neurons grew axons 
while in suspension, thus neurons were subjected to axotomy 
only once before plating. After plating, neurons in all groups 

started to extend axons at similar high percentages, which 
verifies their good health. There are some other in vitro 
conditioning techniques that involve detaching and replat-
ing cultured neurons (Frey et al. 2015; Saijilafu et al. 2013; 
Zou et al. 2009), which mimic the test injury. However, our 
model offers some advantages. First, as we do not let axonal 
growth during first incubation, the molecular products of 
conditioning process will be consumed less and be more 
abundant, which will make them easier to detect and their 
enhancing effect more pronounced after plating. Second, cell 
aggregates in suspension are anatomically more similar to 
ganglia, which is more suitable for any possible paracrine 
mechanism. Finally, conditioning the neurons in suspension 
is technically much easier and less costly than plating and 
detaching them.

According to in vitro and in vivo studies the first sign 
of CLE is early initiation of axonal growth. We use a very 
refined DRG neuron culture protocol where the axon growth 
starts within hours of incubation even in control preparations 
whereas others reported it only after 15–48 h (Kwon et al. 
2015; Lankford et al. 1998; Saijilafu 2012). The initiation 
of axonal growth after a sciatic nerve cut in conditioned and 
unconditioned sciatic nerves was found to be 1.9 and 2.6 h 
(Sjoberg and Kanje 1990b) and in a film model 1 and 6 h 
respectively (Torigoe et al. 1999). Our model, in this respect, 
is consistent with in vivo situation (Figs. 3, 4).

The most obvious manifestation of CLE is reported to 
be increased axonal growth rate. In consistence with other 
reports in vivo conditioned neurons had longer axons than 
controls at 24th h. However, this was due to a significant 
acceleration of axonal growth at around 10–12th h of incu-
bation and not because of a consistently faster regeneration. 
The in vitro conditioned neurons, on the other hand, scored 
much higher rates throughout first 24 h, sometimes five 
times faster than the control neurons (Figs. 3, 4) reaching 
up to 25 µm/h. This is the main evidence that the method we 
developed in this study successfully models CLE.

The sciatic nerve cut is the most common method to 
induce the conditioning in vivo (Savastano et al. 2014). 
Lumbar 4–6 DRGs that receive fibers from the sciatic nerve 
are removed and used for culture (Chen et al. 2016). How-
ever, in these DRGs, there are neurons that do not send 
axons to the sciatic nerve, thus not injured with the nerve cut 
(Rigaud et al. 2008). Presence of such unconditioned neu-
rons in in vivo conditioned cultures may partially account for 
lower regeneration rates than in vitro conditioned neurons. 
However, in vivo and in vitro conditioning mechanisms may 
at least be partially different especially due to the absence 
of systemic influences in the in vitro model. Thus, while 
our technique in this study produces CLE it may not exactly 
mimic the in vivo conditioning; but it offers a model to 
investigate possible signaling pathways common and dis-
tinct in either condition. The second day of incubation for 
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conditioned neurons witnessed a sharp decline in axonal 
growth. In this period control neurons were more success-
ful and at the end of 48th h they had longer axons (Figs. 3, 
4). Similar observations were done by others (Lankford et al. 
1998). Probably this was, in most part, due to exhaustion 
of the neurons because of high metabolic state to support 
fast regeneration. Indeed, we observed axonal degeneration 
and substantial neuronal death among in vivo and in vitro 
conditioned neurons that exceeded 50% at the end of second 
day (Fig. 4). The high death rate in both types of conditioned 
preparations is probably due to rapid depletion of metabolic 
and energy resources because of accelerated axonal growth. 
Since we did not provide trophic support to neurons with 
growth factors or sera, this is not an unexpected obser-
vation. In this study we produced a regeneration activity 
index, which better represents the behavior of whole neu-
ronal population in culture. The index shows a low start and 
an exponential rise for control, a medium start and almost 
steady progress in in vivo conditioning and a high start and 
an exponential decline for in vitro conditioning (Fig. 3). This 
casts doubts whether CLE in living organism may really 
contribute to recovery after nerve injury. There are func-
tional studies where motor and sensory recovery was found 
improved significantly with CLE (Bisby 1985; Bontioti et al. 
2003; Navarro and Kennedy 1990). This may suggest that in 
the animal, conditioned neurons are continuously supported 
by local and systemic factors that keep them growing axons 
and save them from death. In this sense, our model is very 
well suited to investigate such neurotrophic and neuroprotec-
tive mechanisms. Especially, the second day of incubation 
is an ideal period where preventing the neuronal death and 
decline in regeneration with potential interventions make 
good challenges.

Our model represents an intrinsic mechanism of condi-
tioning, which makes it relatively easy to investigate the 
factors responsible for and test any factor on the neurons 
that may affect the conditioning process. For example, 
some studies suggest that after a peripheral condition-
ing lesion, macrophage activation is essential for CLE to 
promote regeneration in ascending sensory fibers of spinal 
cord as well in the conditioned peripheral axons (Kwon et al. 
2013; Salegio et al. 2011). Chemokine CCL2 released from 
axotomized neurons trigger macrophage activation through 
CCR2 receptor and CLE abolished in CCL2 knock-out mice 
(Kwon et al. 2015, 2016; Niemi et al. 2016, 2013). However, 

according to our study, CLE does not seem to depend on the 
macrophage invasion since we eliminate them in neuronal 
cultures. Indeed, in a recent study, local application of ethid-
ium bromide did not cause macrophage accumulation at the 
peripheral nerve but still induced CLE (Hollis et al. 2015).

We observed variability in survival and axonal regenera-
tion capacity of neurons. This is something expected as the 
transcriptional response of DRG neurons to axotomy was 
shown to be highly heterogeneous (Hu et al. 2016). In fact, 
some suggest that CLE occurs only in a subset of DRG neu-
rons (Kalous and Keast 2010).

LIF is a well-characterized survival factor for primary 
sensory neurons and its association with CLE induction 
in vivo has been documented (Cafferty et al. 2001; Murphy 
et al. 1991; Wu et al. 2007). Consistent with this, we dem-
onstrated that LIF is essential for in vitro conditioning of 
neurons (Fig. 5). However, some of our findings need clari-
fication. LIF is normally not expressed by primary sensory 
neurons but retrogradely transported from peripheral nerves 
where they are detected mostly in Schwann cells (Dows-
ing et al. 2001; Ito et al. 1998). A peripheral nerve injury 
increases the expression of LIF and its delivery to the pri-
mary sensory neurons (Banner and Patterson 1994; Curtis 
et al. 1994). LIF receptor, on the other hand, is constitutively 
expressed by these neurons (Gardiner et al. 2002; Scott et al. 
2000). We detected immunoreactivity for both LIF and 
LIFRβ in cultured DRG neurons (Fig. 5). The source of LIF 
could be the satellite cells that surround the neurons (Ban-
ner and Patterson 1994). In fact, the massive loss of these 
cells during conditioning incubation may be due to their 
exhaustion as they upregulate LIF synthesis. However, we 
can still not rule out possibility of LIF expression by DRG 
neurons in culture since there is evidence that a similar cell 
type, olfactory sensory neuron can express it (Bauer et al. 
2003). In either case, there should be extracellular LIF in 
order for the anti-LIF to interfere with its action since the 
antibodies can not penetrate the cell membrane. This could 
happen during its putative transfer from the satellite cell to 
the neuron. Additionally, since LIF has an autocrine effect 
(Dowsing et al. 1999), it may be continuously released by 
the neuron that accumulates it. When LIF inhibition was 
limited only to the conditioning incubation period, average 
regeneration rate decreased but RAI did not change; i.e., 
more neurons kept growing axons. On the other hand, appli-
cation of anti-LIF during this culturing period completely 
abolished CLE and it even led to a regeneration rate lower 
than the control preparations during the second day of incu-
bation. These may suggest that during conditioning incuba-
tion, excess amount of LIF may prepare the neuron for an 
enhanced regeneration and some of the factor is retained 
within the neuron, which would support an enhanced axonal 
regeneration at least during the first 24 h of incubation. Like-
wise, even smaller amounts of LIF, which could be acquired 

Fig. 3   Mean and maximum regeneration rates and regeneration activ-
ity indices in conditioned and control neurons during 48 h incubation. 
Error bars represent standard error of means. Trend lines are super-
imposed on the chart. *p < 0.05 control versus in  vivo conditioned, 
#p < 0.05 control versus in  vitro conditioned, ¥p < 0.05 in  vivo ver-
sus in vitro conditioned as calculated by one-way ANOVA and LSD 
post-hoc tests. Each time point represents means of about 30 neurons 
pooled from three replicate cultures

◂
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even during dissection and cell dissociation, may be continu-
ously released by the same neurons that have accumulated it. 
Decline in regeneration during the second day of incubation 
may be due to depletion of LIF. Experiments with DRB and 
anisomycin suggest that the upregulation of LIF and LIFRβ 
expression occurs by translation of existing mRNAs and also 
transcribing new mRNAs.

In conclusion, the in vitro neuronal conditioning model 
developed in this study proved a strong experimental para-
digm to study the mechanism of conditioning and to learn 

more about neuronal response to injury. Isolated environ-
ment of the model that successfully produces CLE with-
out added serum or growth factors can allow activation or 
inhibition of signaling pathways, addition or inhibition of 
growth factors, and co-culturing neurons with other cells 
like macrophages and glial cells, whereby any potential pro-
cess leading to CLE can be investigated. In this respect, we 
have demonstrated that LIF is essential for induction of CLE 
in this study.

Fig. 4   Representative images of cultured control and in vitro condi-
tioned neurons at different time points. Within first hour of incubation 
the conditioned neurons started to grow axons (arrow). At the end of 
48 h, they had extensive axonal degeneration and death (arrow head). 
The mean lengths of the axons (below left) and death rates (below 

right) at the 24th and 48th h of incubation in conditioned and con-
trol neurons. Error bars represent standard error of means. *p < 0.05 
versus control, #p < 0.05 versus in  vivo conditioned. In conditioned 
preparations, boosted axonal regeneration during the first day of incu-
bation resulted in exhaustion and death of many neurons



69Cellular and Molecular Neurobiology (2019) 39:61–71	

1 3

Acknowledgements  This study was supported by Yüzüncü Yıl Uni-
versity, Directorate of Scientific Research Projects.

Author Contributions  Elif Kaval Oğuz: Conducting experiments, 
image analysis, drafting the manuscript. Gürkan Öztürk: Designing 
the experiments, statistics, revision of the manuscript. Both authors 
have reviewed the final version of the manuscript and approved it for 
publication.

Compliance with Ethical Standards 

Conflict of interest  Authors declare that they have adhered to ethical 
standards in this study and that they have no conflict of interest to dis-
close.

References

Banner LR, Patterson PH (1994) Major changes in the expression 
of the mRNAs for cholinergic differentiation factor/leukemia 

inhibitory factor and its receptor after injury to adult peripheral 
nerves and ganglia. Proc Natl Acad Sci USA 91:7109–7113

Bauer S et al (2003) Leukemia inhibitory factor is a key signal for 
injury-induced neurogenesis in the adult mouse olfactory epi-
thelium. J Neurosci 23:1792–1803

Bisby MA (1985) Enhancement of the conditioning lesion effect in 
rat sciatic motor axons after superimposition of conditioning 
and test lesions. Exp Neurol 90:385–394

Blesch A et al (2012) Conditioning lesions before or after spinal 
cord injury recruit broad genetic mechanisms that sustain axonal 
regeneration: superiority to camp-mediated effects. Exp Neurol 
235:162–173. https​://doi.org/10.1016/j.expne​urol.2011.12.037

Bontioti EN, Kanje M, Dahlin LB (2003) Regeneration and func-
tional recovery in the upper extremity of rats after various types 
of nerve injuries. J Peripher Nerv Syst 8:159–168

Cafferty WB et al (2001) Leukemia inhibitory factor determines 
the growth status of injured adult sensory neurons. J Neurosci 
21:7161–7170

Cafferty WB, Gardiner NJ, Das P, Qiu J, McMahon SB, Thompson 
SW (2004) Conditioning injury-induced spinal axon regeneration 
fails in interleukin-6 knock-out mice. J Neurosci 24:4432–4443

Fig. 5   Effect of prevention of activity of endogenous LIF in the 
induction of CLE (a). Data are presented as percentage changes rela-
tive to control preparations. Blocking LIF abolished the increase in 
axonal regeneration due to conditioning. *p < 0.05 versus control, 
#p < 0.05 versus in  vitro conditioned. Representative immunofluo-
rescence images of cultured DRG neurons stained with antibodies 

against LIF and LIFRβ (b). Inhibition of translation and transcrip-
tion during conditioning significantly decreased the immunoreactivity 
for LIF and LIFRβ (c). The data are presented as percentage changes 
in average pixel brightness relative to in  vitro conditioned prepara-
tions. *p < 0.05 versus in vitro conditioned, #p < 0.05 versus anisomy-
cin + DRB

https://doi.org/10.1016/j.expneurol.2011.12.037


70	 Cellular and Molecular Neurobiology (2019) 39:61–71

1 3

Cengiz N, Ozturk G, Erdogan E, Him A, Oguz EK (2012) Conse-
quences of neurite transection in vitro. J Neurotrauma 29:2465–
2474. https​://doi.org/10.1089/neu.2009.0947

Chen W et al (2016) Rapamycin-resistant mTOR activity is required 
for sensory axon regeneration induced by a conditioning lesion. 
eNeuro. https​://doi.org/10.1523/ENEUR​O.0358-16.2016

Curtis R et al (1994) Retrograde axonal transport of LIF is increased by 
peripheral nerve injury: correlation with increased LIF expression 
in distal nerve. Neuron 12:191–204

Davoust J, Gruenberg J, Howell KE (1987) Two threshold values of low 
pH block endocytosis at different stages. EMBO J 6:3601–3609

Dowsing BJ, Morrison WA, Nicola NA, Starkey GP, Bucci T, Kilpat-
rick TJ (1999) Leukemia inhibitory factor is an autocrine survival 
factor for Schwann cells. J Neurochem 73:96–104

Dowsing BJ, Romeo R, Morrison WA (2001) Expression of leukemia 
inhibitory factor in human nerve following injury. J Neurotrauma 
18:1279–1287

Ekstrom PA, Mayer U, Panjwani A, Pountney D, Pizzey J, Tonge DA 
(2003) Involvement of alpha7beta1 integrin in the conditioning-
lesion effect on sensory axon regeneration. Mol Cell Neurosci 
22:383–395

Forman DS, McQuarrie IG, Labore FW, Wood DK, Stone LS, Brad-
dock CH, Fuchs DA (1980) Time course of the conditioning lesion 
effect on axonal regeneration. Brain Res 182:180–185

Franz CK et al (2009) A conditioning lesion provides selective protec-
tion in a rat model of amyotrophic lateral sclerosis. PLoS ONE 
4:e7357. https​://doi.org/10.1371/journ​al.pone.00073​57

Frey E, Valakh V, Karney-Grobe S, Shi Y, Milbrandt J, DiAntonio A 
(2015) An in vitro assay to study induction of the regenerative 
state in sensory neurons. Exp Neurol 263:350–363. https​://doi.
org/10.1016/j.expne​urol.2014.10.012

Gardiner NJ, Cafferty WB, Slack SE, Thompson SW (2002) Expres-
sion of gp130 and leukaemia inhibitory factor receptor subunits 
in adult rat sensory neurones: regulation by nerve injury. J Neu-
rochem 83:100–109

Gardiner NJ, Moffatt S, Fernyhough P, Humphries MJ, Streuli CH, 
Tomlinson DR (2007) Preconditioning injury-induced neurite 
outgrowth of adult rat sensory neurons on fibronectin is medi-
ated by mobilisation of axonal alpha5 integrin. Mol Cell Neurosci 
35:249–260

Han PJ, Shukla S, Subramanian PS, Hoffman PN (2004) Cyclic AMP 
elevates tubulin expression without increasing intrinsic axon 
growth capacity. Exp Neurol 189:293–302

Hollis ER 2nd, Ishiko N, Tolentino K, Doherty E, Rodriguez MJ, Cal-
cutt NA, Zou Y (2015) A novel and robust conditioning lesion 
induced by ethidium bromide. Exp Neurol 265:30–39. https​://doi.
org/10.1016/j.expne​urol.2014.12.004

Hu G, Huang K, Hu Y, Du G, Xue Z, Zhu X, Fan G (2016) Single-cell 
RNA-seq reveals distinct injury responses in different types of 
DRG sensory neurons. Sci Rep 6:31851. https​://doi.org/10.1038/
srep3​1851

Hyatt Sachs H, Rohrer H, Zigmond RE (2010) The conditioning lesion 
effect on sympathetic neurite outgrowth is dependent on gp130 
cytokines. Exp Neurol 223:516–522. https​://doi.org/10.1016/j.
expne​urol.2010.01.019

Ito Y et al (1998) Differential temporal expression of mRNAs for cili-
ary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), 
interleukin-6 (IL-6), and their receptors (CNTFR alpha, LIFR 
beta, IL-6R alpha and gp130) in injured peripheral nerves. Brain 
Res 793:321–327

Jacob JM, McQuarrie IG (1993) Acceleration of axonal outgrowth 
in rat sciatic nerve at one week after axotomy. J Neurobiol 
24:356–367

Kalous A, Keast JR (2010) Conditioning lesions enhance growth state 
only in sensory neurons lacking calcitonin gene-related peptide 

and isolectin B4-binding. Neuroscience 166:107–121. https​://doi.
org/10.1016/j.neuro​scien​ce.2009.12.019

Knott EP, Assi M, Pearse DD (2014) Cyclic AMP signaling: a molecu-
lar determinant of peripheral nerve regeneration. Biomed Res Int 
2014:651625. https​://doi.org/10.1155/2014/65162​5

Kwon MJ et al (2013) Contribution of macrophages to enhanced 
regenerative capacity of dorsal root ganglia sensory neurons by 
conditioning injury. J Neurosci 33:15095–15108. https​://doi.
org/10.1523/JNEUR​OSCI.0278-13.2013

Kwon MJ et al (2015) CCL2 Mediates neuron-macrophage interac-
tions to drive proregenerative macrophage activation following 
preconditioning injury. J Neurosci 35:15934–15947. https​://doi.
org/10.1523/JNEUR​OSCI.1924-15.2015

Kwon MJ, Yoon HJ, Kim BG (2016) Regeneration-associated mac-
rophages: a novel approach to boost intrinsic regenerative capacity 
for axon regeneration. Neural Regen Res 11:1368–1371. https​://
doi.org/10.4103/1673-5374.19119​4

Lankford KL, Waxman SG, Kocsis JD (1998) Mechanisms of enhance-
ment of neurite regeneration in vitro following a conditioning 
sciatic nerve lesion. J Comp Neurol 391:11–29

Lu X, Richardson PM (1991) Inflammation near the nerve cell body 
enhances axonal regeneration. J Neurosci 11:972–978

Mar FM et al (2014) CNS axons globally increase axonal transport 
after peripheral conditioning. J Neurosci 34:5965–5970. https​://
doi.org/10.1523/JNEUR​OSCI.4680-13.2014

McQuarrie IG (1986) Structural protein transport in elongating motor 
axons after sciatic nerve crush. Effect of a conditioning lesion. 
Neurochem Pathol 5:153–164

McQuarrie IG, Grafstein B, Gershon MD (1977) Axonal regenera-
tion in the rat sciatic nerve: effect of a conditioning lesion and of 
dbcAMP. Brain Res 132:443–453

Murphy M, Reid K, Hilton DJ, Bartlett PF (1991) Generation of sen-
sory neurons is stimulated by leukemia inhibitory factor. Proc Natl 
Acad Sci USA 88:3498–3501

Navarro X, Kennedy WR (1990) The effect of a conditioning lesion on 
sudomotor axon regeneration. Brain Res 509:232–236

Niemi JP, DeFrancesco-Lisowitz A, Roldan-Hernandez L, Lindborg 
JA, Mandell D, Zigmond RE (2013) A critical role for mac-
rophages near axotomized neuronal cell bodies in stimulating 
nerve regeneration. J Neurosci 33:16236–16248. https​://doi.
org/10.1523/JNEUR​OSCI.3319-12.2013

Niemi JP, DeFrancesco-Lisowitz A, Cregg JM, Howarth M, Zigmond 
RE (2016) Overexpression of the monocyte chemokine CCL2 in 
dorsal root ganglion neurons causes a conditioning-like increase 
in neurite outgrowth and does so via a STAT3 dependent mecha-
nism. Exp Neurol 275(Pt 1):25–37. https​://doi.org/10.1016/j.
expne​urol.2015.09.018

Ozturk G, Erdogan E (2004) Multidimensional long-term time-lapse 
microscopy of in vitro peripheral nerve regeneration. Microsc Res 
Tech 64:228–242. https​://doi.org/10.1002/jemt.20075​

Ozturk G, Tonge DA (2001) Effects of leukemia inhibitory factor on 
galanin expression and on axonal growth in adult dorsal root 
ganglion neurons in vitro. Exp Neurol 169:376–385. https​://doi.
org/10.1006/exnr.2001.7667

Qiu J, Cai D, Dai H, McAtee M, Hoffman PN, Bregman BS, Filbin MT 
(2002) Spinal axon regeneration induced by elevation of cyclic. 
AMP Neuron 34:895–903

Redshaw JD, Bisby MA (1987) Proteins of fast axonal transport in 
regenerating rat sciatic sensory axons: a conditioning lesion does 
not amplify the characteristic response to axotomy. Exp Neurol 
98:212–221

Rigaud M, Gemes G, Barabas ME, Chernoff DI, Abram SE, Stucky CL, 
Hogan QH (2008) Species and strain differences in rodent sciatic 
nerve anatomy: implications for studies of neuropathic pain. Pain 
136:188–201. https​://doi.org/10.1016/j.pain.2008.01.016

https://doi.org/10.1089/neu.2009.0947
https://doi.org/10.1523/ENEURO.0358-16.2016
https://doi.org/10.1371/journal.pone.0007357
https://doi.org/10.1016/j.expneurol.2014.10.012
https://doi.org/10.1016/j.expneurol.2014.10.012
https://doi.org/10.1016/j.expneurol.2014.12.004
https://doi.org/10.1016/j.expneurol.2014.12.004
https://doi.org/10.1038/srep31851
https://doi.org/10.1038/srep31851
https://doi.org/10.1016/j.expneurol.2010.01.019
https://doi.org/10.1016/j.expneurol.2010.01.019
https://doi.org/10.1016/j.neuroscience.2009.12.019
https://doi.org/10.1016/j.neuroscience.2009.12.019
https://doi.org/10.1155/2014/651625
https://doi.org/10.1523/JNEUROSCI.0278-13.2013
https://doi.org/10.1523/JNEUROSCI.0278-13.2013
https://doi.org/10.1523/JNEUROSCI.1924-15.2015
https://doi.org/10.1523/JNEUROSCI.1924-15.2015
https://doi.org/10.4103/1673-5374.191194
https://doi.org/10.4103/1673-5374.191194
https://doi.org/10.1523/JNEUROSCI.4680-13.2014
https://doi.org/10.1523/JNEUROSCI.4680-13.2014
https://doi.org/10.1523/JNEUROSCI.3319-12.2013
https://doi.org/10.1523/JNEUROSCI.3319-12.2013
https://doi.org/10.1016/j.expneurol.2015.09.018
https://doi.org/10.1016/j.expneurol.2015.09.018
https://doi.org/10.1002/jemt.20075
https://doi.org/10.1006/exnr.2001.7667
https://doi.org/10.1006/exnr.2001.7667
https://doi.org/10.1016/j.pain.2008.01.016


71Cellular and Molecular Neurobiology (2019) 39:61–71	

1 3

Sachs HH, Wynick D, Zigmond RE (2007) Galanin plays a role in 
the conditioning lesion effect in sensory neurons. Neuroreport 
18:1729–1733

Saijilafu FQZ (2012) Genetic study of axon regeneration with cul-
tured adult dorsal root ganglion neurons. J Vis Exp. https​://doi.
org/10.3791/4141

Saijilafu EMH, Liu CM, Jiao Z, Xu WL, Zhou FQ (2013) PI3K-GSK3 
signalling regulates mammalian axon regeneration by induc-
ing the expression of Smad1. Nat Commun 4:2690. https​://doi.
org/10.1038/ncomm​s3690​

Salegio EA, Pollard AN, Smith M, Zhou XF (2011) Macrophage pres-
ence is essential for the regeneration of ascending afferent fibres 
following a conditioning sciatic nerve lesion in adult rats. BMC 
Neurosci 12:11. https​://doi.org/10.1186/1471-2202-12-11

Savastano LE, Laurito SR, Fitt MR, Rasmussen JA, Gonzalez Polo 
V, Patterson SI (2014) Sciatic nerve injury: a simple and subtle 
model for investigating many aspects of nervous system dam-
age and recovery. J Neurosci Methods 227:166–180. https​://doi.
org/10.1016/j.jneum​eth.2014.01.020

Scott RL, Gurusinghe AD, Rudvosky AA, Kozlakivsky V, Murray SS, 
Satoh M, Cheema SS (2000) Expression of leukemia inhibitory 
factor receptor mRNA in sensory dorsal root ganglion and spinal 
motor neurons of the neonatal rat. Neurosci Lett 295:49–53

Sjoberg J, Kanje M (1990a) Effects of repetitive conditioning crush 
lesions on regeneration of the rat sciatic nerve. Brain Res 
530:167–169

Sjoberg J, Kanje M (1990b) The initial period of peripheral nerve 
regeneration and the importance of the local environment for the 
conditioning lesion effect. Brain Res 529:79–84

Smith DS, Skene JH (1997) A transcription-dependent switch controls 
competence of adult neurons for distinct modes of axon growth. 
J Neurosci 17:646–658

Tetzlaff W, Leonard C, Krekoski CA, Parhad IM, Bisby MA (1996) 
Reductions in motoneuronal neurofilament synthesis by succes-
sive axotomies: a possible explanation for the conditioning lesion 
effect on axon regeneration. Exp Neurol 139:95–106

Thomas PK (1970) The cellular response to nerve injury. 3. The effect 
of repeated crush injuries. J Anat 106:463–470

Torigoe K, Hashimoto K, Lundborg G (1999) A role of migratory 
Schwann cells in a conditioning effect of peripheral nerve regen-
eration. Exp Neurol 160:99–108

Wu D et al (2007) Actions of neuropoietic cytokines and cyclic AMP 
in regenerative conditioning of rat primary sensory neurons. Exp 
Neurol 204:66–76

Zou H, Ho C, Wong K, Tessier-Lavigne M (2009) Axotomy-induced 
Smad1 activation promotes axonal growth in adult sensory neu-
rons. J Neurosci 29:7116–7123. https​://doi.org/10.1523/JNEUR​
OSCI.5397-08.2009

https://doi.org/10.3791/4141
https://doi.org/10.3791/4141
https://doi.org/10.1038/ncomms3690
https://doi.org/10.1038/ncomms3690
https://doi.org/10.1186/1471-2202-12-11
https://doi.org/10.1016/j.jneumeth.2014.01.020
https://doi.org/10.1016/j.jneumeth.2014.01.020
https://doi.org/10.1523/JNEUROSCI.5397-08.2009
https://doi.org/10.1523/JNEUROSCI.5397-08.2009

	An In Vitro Model for Conditioning Lesion Effect
	Abstract
	Introduction
	Materials and Methods
	Neuron Culture
	Testing the Reliability of In Vitro Conditioning
	Comparison of Axon Regeneration from Control and Conditioned Neurons
	Investigating Role of LIF in In Vitro Conditioning
	Image and Statistical Analyses

	Results
	Discussion
	Acknowledgements 
	References


