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Unbiased analysis of the dorsal root ganglion after
peripheral nerve injury: no neuronal loss, no gliosis,
but satellite glial cell plasticity
Annemarie Schultea, Hannah Lohnerb, Johannes Degenbeckb, Dennis Segebarthc, Heike L. Rittnerb,*,
Robert Bluma, Annemarie Aueb

Abstract
Pain syndromes are often accompanied by complex molecular and cellular changes in dorsal root ganglia (DRG). However, the
evaluation of cellular plasticity in the DRG is often performed by heuristic manual analysis of a small number of representative
microscopy image fields. In this study, we introduce a deep learning–based strategy for objective and unbiased analysis of neurons
and satellite glial cells (SGCs) in the DRG. To validate the approach experimentally, we examined serial sections of the rat DRG after
spared nerve injury (SNI) or sham surgery. Sectionswere stained for neurofilament, glial fibrillary acidic protein (GFAP), and glutamine
synthetase (GS) and imaged using high-resolution large-field (tile) microscopy. After training of deep learning models on consensus
information of different experts, thousands of image features in DRG sections were analyzed. We used known (GFAP upregulation),
controversial (neuronal loss), and novel (SGC phenotype switch) changes to evaluate the method. In our data, the number of DRG
neurons was similar 14 d after SNI vs sham. In GFAP-positive subareas, the percentage of neurons in proximity to GFAP-positive
cells increased after SNI. In contrast, GS-positive signals, and the percentage of neurons in proximity to GS-positive SGCs
decreased after SNI. Changes in GS andGFAP levels could be linked to specific DRG neuron subgroups of different size. Hence, we
could not detect gliosis but plasticity changes in the SGC marker expression. Our objective analysis of DRG tissue after peripheral
nerve injury shows cellular plasticity responses of SGCs in the whole DRG but neither injury-induced neuronal death nor gliosis.
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1. Introduction

Nerve lesions and subsequent neuropathic pain often occur after
trauma, surgery, or accidents and cause cellular plasticity
changes in the dorsal root ganglia (DRG). Affected sensory
neurons in the DRG are the first relay centers for transmission and
processing of peripheral nociceptive sensory signals.21 The
function of DRG neurons depends on satellite glial cells (SGCs),

which are tightly wrapped around the neuronal cell bodies of the
DRG, so that each neuron represents an electrical and
anatomical unit.24,48,49,58 Glutamine synthetase (GS) is often
used as a selective immunohistochemical marker,23,27,41 al-
though only 60% of SGCs express GS in rodents.1–3 The glial
fibrillary acidic protein (GFAP) is a typical reactivation marker for
SGCs in rats.24,43,61

Nerve injury causes adaptations in the DRG cell composition.
For instance, neuronal loss is seen after sciatic nerve axotomy, at
least in some animal models.33 Satellite glial cells are activated
after ventral root avulsion,65 nerve transection,36,61 chronic
constriction injury,47 partial nerve ligation,63 spared nerve injury
(SNI), and spinal nerve ligation.37,62 As early as 2 to 3 d after nerve
injury, SGCs as well as macrophages proliferate and change their
expression profile.17,27,32,65 After SNL, GFAP starts to be
upregulated after 4 hours and peaks at day 7.37 In comparison,
GFAP upregulation after SNI seems to be less pronounced.62

SGC plasticity after injury might contribute to neuropathic pain by
increasing neuronal activity.24,30 Furthermore, SGCs might even
acquire neural progenitor–like properties, opening a starting point
for regenerative medicine.15,46

Most studies use immunofluorescence microscopy to analyze
the DRG after peripheral nerve injury.5,44,60,62 However, analysis
of the corresponding bioimages often relies on the individual
criteria of the human expert looking at the images and annotating
corresponding image features. This heuristic method is relatively
complex, labor intensive, creates a high level of subjectivity, and
creates a highly varying interrater agreement on the same
bioimages.19 Furthermore, for analyzing the DRG, it is virtually
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impossible to blind experimenter’s rating behavior because
plasticity changes are visible for the expert.

To ensure greater objectivity in bioimage analysis, many open-
source deep learning (DL)–based algorithms have been opti-
mized for image recognition tasks.39 They enable an automated
large-scale image analysis process while being more objective,
valid, and reliable than a single human expert.56 Although DL has
become one of the gold standards for bioimage analysis, the
complexity and lack of widely accepted benchmarks and training
data sets hinders a wide usage.34,42

Here, we worked out a strategy for systematic, objective
analysis of pain-related cellular plasticity changes in the DRG. The
strategy allows unbiased analysis of large-field bioimages of
whole DRG sections. Applying our DL-based approach confirms
a widely observed injury effect, GFAP upregulation in SGCs in
rats. Furthermore, SGCs undergo phenotype changes close to
their sensory neuron soma. Notably, we could not see
controversially discussed plasticity changes like injury-related
neuronal death or gliosis.

2. Materials and methods

2.1. Animals

Male Wistar rats (Janvier labs, Le Genest-St-Isle, France) aged 4
weeks and weighing 125 to 150 g were cage housed, 6 in each,
with enrichment tools in a circadian light rhythm (12 /12 hours
light/dark cycle, 21-25˚C, 45-55% humidity) with water and food
ad libitum. Because the described methodological aspects were
independent of gender, we did not use female rats. Animal
protocols (# REG 2-733) have been approved by the animal care
committee of the Regierung von Unterfranken, Würzburg,
Germany. All procedures were in accordance with international
guidelines for the care and use of laboratory animals (EU Directive
2010/63/EU for animal experiments).

2.2. Sciatic nerve injury

Rats were randomly divided into SNI surgery and sham control
groups holding animals of each group in a cage 1 week for
habituation. Animals underwent surgery under deep anesthesia with
isoflurane (1.8 vol%, fiO2). To expose the sciatic nerve with its 3
branches, the skin was incised. The common peroneal and the tibial
nerve were loosely ligated with 4-0 vicryl and a piece of
approximately 3 mm was cut out of the ligation site, although the
sural nerve remained intact.6,9 In the sham animals, the sciatic nerve
was exposed, but the common peroneal and the tibial nerve were
not cut. Surgery was performed unilaterally, and in the following
experiments, thehindpawwithSNI or shamsurgerywasdesignated
as ipsilateral (IL) and the control paw as contralateral (CL).

2.3. Behavioral testing

Behavioral tests were performed by the same tester at the same
time one day before (baseline; BL) and on days 2, 4, 7, 10, and 14
after SNI or sham surgery. Mechanical allodynia, cold, allodynia,
and heat hyperalgesia were all evaluated on the same day at 30-
minute intervals.

Mechanical sensitivity was determined using the von Frey
test.4,8,50,53 Rats were placed separately on a wire mesh in
transparent plastic cages for 20 minutes every other day for one
week to practice handling and to habituate rats to the
environment. Before testing, rats were put on the wire mesh into
the cages for 10 minutes to ensure habituation. The von Frey

filaments (Stoelting Co, Thermo) ranging from 1 g to 15 g were
applied to the lateral plantar surface of each hind paw. A positive
response was marked by the withdrawal of the paw. Three trials
were performed on each hind paw starting with the contralateral
side (2 minutes break between each stimulus presentation).
Dixon’s up and downmethod was used to calculate the 50% von
Frey filament paw withdrawal threshold response.10

To detect cold allodynia, rats were tested using the acetone
assay. A small drop of acetone was applied to the lateral plantar
surface of the hind paw, and the response to the stimulus was
observed for 20 seconds. The response score ranged from 0 to 3:
0, no response; 1, brisk withdrawal or flick of the paw; 2, repeated
flicking of the paw; 3, repeated flicking and licking of the paw.13,64

Acetone was applied 3 times to each rat starting with the
contralateral hind paw. A 5-minute interval was set between each
stimulus.

Sensitivity to heat was determined with the Hargreaves test
(IITC plantar test apparatus model 400 heated base).22,25 Rats
were placed in cages on a glass floor, and the plantar surface of
the hind pawwas exposed to a radiant heat beam for amaximum
of 20 seconds. The time until paw withdrawal was recorded, and
the latencywas calculated after 2 trials for each hind pawwith a 5-
minute interval.

2.4. Perfusion and tissue processing

Animals were harvested 7 or 14 d after SNI/sham surgery. First, rats
received deep anesthesia with isoflurane and were perfused
intracardially with phosphate buffered saline (PBS) enriched with
0.4% heparin (approximately 100 mL). After clearing organs from
blood, the buffer solution was changed to 4% paraformaldehyde
(PFA, pH 7.4). A successful fixation was indicated by spontaneous
movement andstiffnessof the rat body.14 Ipsilateral andcontralateral
L4 and L5 DRG were dissected and postfixed with 4% PFA for 30
minutes, quenched with Tris-buffered glycine (100 mM) for 1 hour,
washed 3 times, and cryoprotected in 30% sucrose in PBS
overnight. Dorsal root ganglia samples were marked with a number
to blind the examiner, embedded at different angles in Tissue Tek
O.C.T. Compound (Sakura Finetek EuropeB.V., AV Alphen aan den
Rijn, The Netherlands) to visualize the DRG from different sides, and
snap frozen in liquid nitrogen. The samples were processed as
quickly as possible and stored at 280˚C.

2.5. Immunofluorescence

Serial sections (collecting every 10th slice in sequential order) of 16-
mm thickness were cut at 230˚C in a cryostat (Leica Biosystems
CM3050 S Research Cryostat, Leica Biosystems NusslochGmbH,
Nussloch, Germany). Due to different angled DRG embedding, 2 to
13 section per DRG were collected. Slides were quenched with
Tris-buffered glycine for 15 minutes and blocked with 10% donkey
serum in 0.3% Triton X-100 for 1hour at room temperature. Slides
were costained with primary antibodies in 10% donkey serum in
PBS overnight at 4˚C: chicken Neurofilament, Heavy (NF-H)
antibody (1:8000, EMD Millipore, number AB5539; RRID:
AB_11212161), rabbit GFAP antibody (1:1000, OriGene Technol-
ogies, Rockville, MD, number DP014; RRID: AB_1001789), and
mouse GS antibody (1:200, BD Biosciences, Franklin Lakes, NJ,
number 610517; RRID: AB_397879). After washing in PBS, slides
were incubatedwith secondary antibodies in 10%donkey serum for
1 hour at room temperature. For NF-H, Alexa fluor 488 donkey
antichicken antibody (1:500, Jackson Immuno Research, West
Grove, PA, number 703-545-155; RRID: AB_2340375); for GFAP,
Cy3donkey antirabbit antibody (1:500, Jackson ImmunoResearch,
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West Grove, PA, number 711-165-152; RRID: AB_2307443); and
for GS, Cy5 donkey antimouse antibody (1:500; Jackson Immuno
Research, West Grove, PA, number 715-175-150; RRID:
AB_2340819). After washing, DAPI was used to stain nuclei, and
the sections were mounted with Aqua-Poly/Mount (Polysciences,
Inc, Warrington, PA).

2.6. Microscopy and quantitative image analysis

Imaging of the immunofluorescence-labeled serial sections was
performedwith the same settings for each antibody using large-field
(tile) microscopy with a 20x/0.8M27 objective (Axio Imager 2, Zeiss,
Jena, Germany). Depending on size and orientation, images of 2 to
13 sections per rat DRG with a resolution of 0.908 mm/pixel were
acquired. As there was a 160-mm distance between each serial
section, double counting of cells was avoided.

For image feature segmentation, we followed guidelines for
reproducible DL-based bioimage analysis.56 Automated image
segmentation was performed with the DL pipeline deepflash2.19

During preprocessing, images were converted from the Zeiss czi
file format to tiff files using python. Annotation was performed on
15 exemplary images for each marker by 3 experts using
ImageJ.54 With an ImageJ macro, regions of interest (ROIs) were
converted to binary masks. For ground truth estimation, the
simultaneous truth and performance level estimation (STAPLE)
method provided in the deepflash2 GUI was used. The data set
was split into 80% training and 20% testing data set, so that 12
neurofilament (NF) images and masks were used to train
consensus models for neurons and 24 GS and GFAP images
and mask to train consensus models for ring-shaped glial cells.
Three consensus DL models were trained to form a model
ensemble. The model performance was tested by calculating the
Jaccard similarity coefficient score, also called intersection over
union (IoU), to compare the prediction labels with the annotated
labels of the test data set (Supplementary Table 1, available at
http://links.lww.com/PAIN/B703). The IoU is defined as the size
of the intersection divided by the size of the union of 2 sets of
pixels (A, B): MIoUðA; BÞ∶5 jA\Bj

jA[Bj.
Themodel ensembles were applied on all acquired images and

segmentation quality was verified by the test dataset and by
skimming over the images. NF images of rat 4 to 6 7 days after SNI
needed to be adjusted in brightness and contrast. Dorsal root
ganglia images and masks are openly available.55

Consecutive analysis of the segmented imageswasprogrammed
in python. Tissue area was defined by thresholding the NF images
using the Li thresholding method35 and further dilating and eroding
the resulting mask. For parameters regarding the size of neurons,
only neurons bigger or equal 202 mm2 were included because this
was the smallest neuron size annotated. Because of the proximity of
SCG to neurons,we introduced a newparameter, the percentage of
neurons in proximity to GFAP/GS-positive glial cells, to assign SGCs
to their corresponding neuron. To this end, both the NF mask and
the glial cell mask were dilated by one pixel. If the overlap between a
dilated neuron and the surrounding glial cell maskwas bigger than 0,
the neuron was counted. The parameters were calculated for each
image and then averaged for each DRG. For further details, see
https://github.com/AmSchulte/DRG.

2.7. Recommendations for the praxis

2.7.1. Image acquisition

For adaptations across projects, we recommend acquiring tile
images at the same resolution.Within a project, image acquisition

criteria should be kept constant (objective, intensity of excitation
light with a stable LED, exposure time, bit range, binning, and gain
setting of the camera). It can happen that the experimenter must
adapt the image acquisition condition, for instance, to avoid pixel
saturation or because of insufficient labelling. We found that DL
models can still reliably extract the image features, but only when
the models are trained on the whole variety of existing images. In
case of very strong differences in signal intensity between
experimental conditions, we recommend making 2 images. The
first image should avoid pixel saturation in the signal of interest.
The second image should prioritize the “weaker” signal, which
might cause pixel saturation in the brighter signals, eg, because of
longer image acquisition time or higher excitation light intensity.

2.7.2. Readaptation to a new project

Adaptation of the approach to other pathology-induced changes
would need the development of new DL models. For data
organization, computational adaptations, and recalibration to
other image features, we calculate less than a workweek. We
recommend using 3 experts and 10 to 15 images for object
annotation. Typically, this takes 5 to 8 hours per expert,
depending on the complexity of the image feature. Models need
to be trained on the whole variety of existing images. Model
training (computational time ; 30 minutes) and prediction of the
segmentations can be computed in one day on a local, GPU-
equipped PC, for hundreds of tile-scan images and thousands
upon thousands of image features. After adaptation, new data or
similar image features can be analyzed with the same workflow in
1 to 2 days. For a fast, a priori test trial, 2 annotated images are
sufficient: one for DL model training and one for validation.

2.7.3. Feature counting and intensity measures

Deep learning–based segmentation allows extraction of intensity
values from single ROIs. The huge amount of intensity measures
can enable statistical detection of effects and can be used for
clustering of cell phenotypes (eg, expression level changes in
subtypes of sensory neurons). Notably, the DL system accepts
considerable variability in the raw images. Variability is typically
caused by changes in slice quality (eg, after storage of tissue
material), variations in the labelling quality, or intensity changes for
biological reasons (eg, changes in signal-to-noise ratios between
the image feature and the surrounding tissue under experimental
conditions). Image feature counting is a conservative measure
and provides solid results, even in data with high variability. We
recommend looking at both, intensity measures (mean intensity,
integrated density in ROIS) as well as image feature counting.

2.8. Statistical analysis

For themechanical and thermal nociceptive thresholds, statistical
significance was tested using the one-way analysis of variance
followed by Tukey post hoc test for multiple comparisons. All
graphs represent means6SEM. The significance level was set at
P , 0.05 (*P , 0.05; **P , 0.01; ***P , 0.001). Analyses were
performed with GraphPad Prism 9 software.

Image quantifications were tested for significance using
python. First, each data group was tested for normal distribution
with the Shapiro test. If the data were not normal distributed, the
Kruskal–Wallis H-test and post hoc Mann–Whitney rank test was
performed. Normally distributed data were tested for equal
variance with the Bartlett test. Data with unequal variance were
tested with the Alexander Govern test, data with equal variance

730 A. Schulte et al.·164 (2023) 728–740 PAIN®

http://links.lww.com/PAIN/B703
https://github.com/AmSchulte/DRG


with the one-way analysis of variance. Then, a post hoc t test was
performed. Significance level between sham IL/sham CL, sham
IL/SNI IL, shamCL/SNI CL, and SNI IL/SNI CLweremarked in the
graphs with *P , 0.05; **P , 0.01; ***P , 0.001.

Supplementary Table 2 (available at http://links.lww.com/
PAIN/B704) shows all statistical values, including P values and
Bonferroni-corrected P values (6 tests), of calculated image
parameters. Data are presented as the mean 6 standard error.

3. Results

3.1. Deep learning–based image segmentation enables
analysis of a large dataset

To test whether the SNI model in rats is valid, we measured
nocifensive behavior on several time points for up to 2 weeks. We
observedmechanical and cold allodynia but no heat hyperalgesia
7 and 14 days after SNI surgery (Supplementary Fig. 1, available
at http://links.lww.com/PAIN/B703). Likewise, initial qualitative
assessment of the acquired immunofluorescence microscopy
images was in line with previous studies: NF labelling showed
sensory neuron somata as well as fiber-rich regions (Fig. 1A), and
both GS and GFAP immunoreactivity formed ring-like image
features, surrounding the NF-labeled sensory neuron somata. As
expected, GFAP signals were more pronounced in DRG sections
with SNI (Fig. 1A and B).

To objectively investigate SNI-induced changes in L4 and L5
rat DRG, we used a DL-based image segmentation approach
described previously for brain tissue19,56 (Fig. 2). We computed
2 DL model ensembles, one for the annotation of NF-positive
neuronal somata and one for both GS-positive and GFAP-
positive glial cells (Fig. 2). To increase objectivity, we used
ground truth estimated annotations of 3 experts to train the DL
models.56 Eventually, this enabled us to automatically analyze a
total of 2541 images of DRG sections (847 per marker). A
measure for validity for segmentation purposes is the in-
tersection over union (IoU) value. Intersection over union, an
overlap metric, was used to measure how well expert
annotations in single images overlap with estimated ground
truth annotations, with 0 meaning no overlap and 1 meaning a
perfect match. According to other studies, a mean IoU value of
at least 0.50 indicates overlapping segmentations of 2
ROIs.12,19,40 Notably, expert annotations of NF-positive image
features showed higher similarities (mean IoU 5 0.86) than
annotations of GFAP- (mean IoU 5 0.61) or GS-positive image
features (mean IoU 5 0.65), possibly because glial cells with
ring-like structures were harder to percept or annotate
(Supplementary Table 1, available at http://links.lww.com/
PAIN/B703). Likewise, the NF model ensemble performed
better than the GS/GFAP glial cell model ensemble. All models
provide IoU values close to the performance of the human
experts (Supplementary Figs. 2-4, available at http://links.lww.
com/PAIN/B703). Moreover, all images and their predicted
masks are provided online to show the performance of the
models.55

3.2. Glial fibrillary acidic protein increase after spared nerve
injury is reflected by integrated signal density in image
feature segments

Because of high variance and regional difference in GFAP
expression, as interactively visualized in our data app (https://
share.streamlit.io/amschulte/drg/main), image analysis based on
heuristic methods was problematic. The results would bias toward

the image sections selected for manual analysis. To completely
capture the DRG variability, we analyzed many serial DRG
sections. One parameter that can easily be quantified for many
images is the raw average fluorescence intensity. However, tissue
sections were variable in having SGCs, GFAP did not exclusively
stain SGCs (Fig. 1), and SGCs, being very small, flat cells,48 have a
small area comparedwith the rest of the tissue. Therefore, changes
in the number of SGCs expressing GFAP could be obscured by
average intensity. As a result, no significant changes were seen in
mean raw average fluorescence intensity of GFAP or GS 14 days
after injury (Fig. 3A and B). Next, we used GFAP and GS
segmentations generated by our DL model ensemble to calculate
the integrated density of the immunofluorescence signals in the
image feature segments. Thus, the analysis was restricted to ring-
shapedSGCs, and the area in addition to the intensity of the feature
signals was also considered. With this analysis, GFAP but not GS
signals were significantly increased ipsilaterally 14 d after SNI (Fig.
3C and D). Note that specifically the ring-like structures around
neurons were annotated and thus recognized by the DL model
ensemble (Fig. 3E and F).

3.3. Glial fibrillary acidic protein increase in satellite glial cells
after spared nerve injury experimentally validates the deep
learning approach

Next, we analyzed GFAP upregulation in more detail to substantiate
that the DL-based strategy extracts biologically relevant information
from large-field bioimages. The GS/GFAP DL model ensemble
produced valid segmentation resultswith amean IoUof 0.543on the
GFAP test images (Supplementary Fig. 2, available at http://links.
lww.com/PAIN/B703). The parameter, percentage of neurons in
proximity to GFAP-positive glial cells, assignedGFAP-positive SGCs
to their corresponding neuron (Fig. 4A). TheGFAParea per neuronal
area increased after SNI and was larger 7 days after injury than 14
days after injury (Fig. 4B). The percentage of neurons in proximity to
GFAP-positive cells increased3-fold in 7 dSNI.Onday 14, the effect
was slightly lower (Fig. 4C). Interestingly, twice as many medium-
sized and large compared with small neurons were in proximity to
GFAP-positive glial cells after injury (Fig. 4D and E).

3.4. The number of neurons is unchanged by spared
nerve injury

We then exploit the automatized, DL-based annotation of image
features to its full potential and used our large-scale data set to
analyze more controversial plasticity changes in the DRG. Based
on the NF segmentations, we investigated if neuronal loss occurs
after short-term nerve injury. The NF DL model ensemble
produced valid NF segmentations (mean IoU of 0.867, Fig. 5A,
Supplementary Fig. 3, available at http://links.lww.com/PAIN/
B703). Fifty to 60% were nociceptive, thermosensitive, and itch-
sensitive (small, , 700 mm2) and 40 to 50% were mechanore-
ceptive and proprioceptive neurons (medium-sized and large,
$ 700 mm2) with no significant changes seen after injury (Fig.
5B–E). To estimate the total number of neurons, the number of
neurons per tissue area based on a thresholded NF staining was
used (Fig. 5F). The neuronal number was not changed at day 14
after injury (Fig. 5G).

3.5. Glutamine synthetase immunoreactivity in satellite glial
cells decreases after spared nerve injury

Next, we analyzed GS, a supposed stable SGC marker in
rodents. The GS/GFAP DL model ensemble used for the
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segmentation of the GS images achieved a mean IoU of 0.583 on
the test images (Supplementary Fig. 4, available at http://links.
lww.com/PAIN/B703). The GS-positive area was analyzed like
the GFAP-positive area (Fig. 6A). Surprisingly, the GS area and
the percentage of neurons in proximity to GS-positive SGCswere

decreased after SNI (Fig. 6B and C). Seven days after SNI, 15%
less neurons were in proximity to GS-positive glial cells (Fig. 6C).
Notably, the contralateral side also showed a small reduction in
GS-positive glial cells, which was partly recovered 14 days after
injury. Althoughmoremedium-sized and large neurons than small

Figure 1. Increase of glial fibrillary acidic protein (GFAP) immunoreactivity in DRG after SNI. (A) Representative tile-scan images and (B) high-resolution confocal
images display DRG sections from Wistar rats at 14 d after SNI or sham operation. Labelled are satellite glial cells (SGCs) using GFAP (magenta), glutamine
synthetase (GS, cyan), and neurons using neurofilament (NF, green). DAPI (white) stains nuclei. (A) scale bar5 100 mm, B, scale bar5 50 mm). DRG, dorsal root
ganglia; SNI, spared nerve injury.
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neurons were in proximity to GS-positive glial cells, a significant
decrease in GS was seen for all neuronal sizes (Fig. 6D and E).

3.6. Satellite glial cells switch their phenotype

Because we saw more GFAP-positive but less GS-positive
SGCs, we analyzed this phenotype switch more closely. Glial
fibrillary acidic protein and GS segmentation were merged into
one glial cell ring segmentation. As in the previous analysis, the
area of the glial cell rings and the percentage of the neurons
which are in proximity to SGCs were determined (Fig. 7A).
Furthermore, the GS and GFAP segmentation overlap was
analyzed relative to the GS or GFAP segmentation area,
respectively (Fig. 7B).

We found a small significant reduction in glial cells after SNI
using the markers GS and GFAP. The glial cell ring area per
neuronal area was reduced at the contralateral side after SNI
(Fig. 7C). Both the ipsilateral and contralateral sides showed a
significant decrease in neurons in proximity to glial cells 7 days
after SNI (Fig. 7D). Fourteen days after SNI, no change was
seen.

Finally, we observed changes in the composition of the glial cell
markers. More GS-positive glial cells also expressed GFAP after
SNI at the ipsilateral side (Fig. 7E). In contrast, fewer of the GFAP-
positive glial cells were also GS positive after SNI (Fig. 7F). Note
that after SNI, L4 and L5 DRGs were affected to a similar extent
because both DRG locations had mainly similar values in most
parameters (Supplementary Fig. 5, available at http://links.lww.
com/PAIN/B703).

All in all, we saw no sign of gliosis, but a slight decrease in the
number of GS- and/or GFAP-positive glial cells after SNI. SGCs
shifted from a mainly GS-positive phenotype to a more GFAP-
positive and less GS-positive phenotype.

4. Discussion

In this study, we established and validated DL-based image
segmentation for systematic analysis of cellular plasticity of DRG
resident cells in a pain-related animal model. DL-based image
segmentationwas necessary and suited to systematically analyze a
large-scaleDRGbioimagedata set objectively andwith the required
precision. The fully automatized, pixelwise segmentation approach
allowed us to unravel phenotypic shifts in cell plasticity in the DRG
after SNI. We show more GFAP-positive and less GS-positive cells
around neurons, although no neuronal loss was seen, indicating
high plasticity of activated SGCs in DRG after nerve injury.

Dorsal root ganglia sections are extremely heterogenous,
depending on howmany nerve fibers and neuronal cell bodies are
in the sectional plane. Furthermore, size and shape are highly
variable, rendering automatized image analysis ever more
complex. To reduce the risk of subjectivity or other bias produced
by manual selection of image regions, we investigated a data set
where every 10th DRG section was imaged as a whole unit. This
created a large-scale bioimage data set, with each image
showing hundreds of single image features. Conventional
methods, such as heuristic analysis by human experts and
hard-coded algorithms, are not practical and conclusive to
analyze this large amount of variable data. To our advantage, DL-
based image segmentation not only led us analyze large volumes
of image data but also provided the necessary level of feature
annotation precision. Thus, biologically relevant effects could be
detected, despite the heterogeneity of DRGs and the local
staining variabilities. The quantification of a known injury effect—
GFAP upregulation—further validated our method.24,62

A second advantage of our method is that higher objectivity is
achieved using ground truth data. Here, several annotators label
the same image set; of which, a consensus annotation—ground
truth—is formed. Training several DL models, so-called model

Figure 2. Schematic workflow andmethods for systematic analysis of DRG in 6 steps. (1) Rats underwent SNI or sham surgery. (2) After 7 or 14 days, transcardial
perfusion with the fixative PFA was performed and ipsilateral and contralateral L4/L5 DRG were removed. (3) Serial sections were cut collecting every 10th slice
with a thickness of 16 mm on one slide. (4) DRG slices were labelled and imaged through large-field (tile) microscopy. (5) Three human experts annotated 15
representative microscopy images for each label according to their individual criteria. These data were used for computing a consensus for ground truth
estimation; 80% of the data set were used to train deep learning (DL) model ensembles for NF, or GS and GFAP. 20% of the annotated images were used as the
test data set. (6) Segmentationmasks were predicted for a total of 2541 images. Based on these, quantification and statistical analyses were conducted. Changes
in GS and GFAP levels were analyzed by quantifying the amount and size of neurons in proximity to GS-positive or GFAP-positive glial cells (overlap. 0%). DRG,
dorsal root ganglia; GS, glutamine synthetase; GFAP, glial fibrillary acidic protein; SNI, spared nerve injury.

April 2023·Volume 164·Number 4 www.painjournalonline.com 733

http://links.lww.com/PAIN/B703
http://links.lww.com/PAIN/B703
www.painjournalonline.com


ensembles, further increase the validity and reliability of the
results.56 This allowed the NF, GS, and GFAP images to be
segmented in sufficient quality for objective data analysis, as
documented by the openly available data and by high segmen-
tation quality test scores (intersection over union, IoU score),
which are close to the human expert performance.

Third, our DL-based image analysis was able to evaluate several
complex, for example, ring-like structures of SGCs, and variable
structures (eg, GFAP after injury). Thus, we did not just quantify
image features of low complexity, such as oval-shaped cells and
nuclei, or signals with a high signal-to-noise ratio. The segmenta-
tion of GS-positive and GFAP-positive ring-like structures allowed
us to quantify them in relation to each neuron. To define plasticity
changes in the DRG, we introduced the parameter percentage of
neurons in proximity to glial cells. This reflects the injury response of
SGCs, but more important for this study, this can also be used as
an objective plasticity parameter. The term underscores that
neurons are functionally dependent on SGCs and within a very

close distance of 20 nm to SGCs.24We are aware that a resolution
of 0.908mm/pixel in our large-field tile images cannot resolve such
a distance; however, looking at the overlap of the one-pixel–dilated
SGCandneuronal segmentations sufficiently quantified the cellular
phenomenon. We showed that 38% of neurons are in proximity to
GFAP-positive SGC 7 days after SNI, which is close to previously
reportedmanually analyzed data.44,62 14 d after SNI, the value was
lower (28%), suggesting that the GFAP injury response peaks at
around 7 d after SNI. With our method, it is now possible to
investigate whether SGC activation occurs specifically around
injured neurons or whether SGC activation is a more global effect.
For the approach here, injury-related GFAP upregulation was a
highly effective marker for the visualization of injury responses.
Notably, GFAP cannot serve as a universal marker for SGC
reactivity because there are differences between species or
experimental conditions.43

Spared nerve injury did not lead to neuronal death when
analyzing the whole DRG. In previous studies, neuronal death

Figure 3.Unbiased DL-assisted image segmentation of GFAP after SNI. Rats were either treated by SNI or sham and analyzed 14 d after surgery. Mean rawGFAP
or GS intensities of images (A and B) in comparison to integrated density of GFAP or GS images segmented with the DL model in arbitrary units (a.u.) (C and D). (E
and F) Exemplary GFAP andGS annotations of one expert (scale bar5 100mm). Depicted are sham ipsilateral (IL), shamcontralateral (CL), SNI IL, and SNI CL (n5
10-12DRG). Significant changes: *P# 0.05; **P# 0.01. DRG, dorsal root ganglia; GS, glutamine synthetase; GFAP, glial fibrillary acidic protein; SNI, spared nerve
injury.
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was observed after axotomy based onmorphology and caspase-
3 immunoreactivity.33 In comparison, SNI was insufficient to
induce neuronal cell death, possibly because not the whole nerve
is damaged irreversibly. Size distributions of neurons were
consistent with previously reported ones.26,29,38,45 In addition,
L4 and L5 DRG showed similar values in all measured

parameters, indicating that SNI affects both DRG, consistent
with observations of similar contributions of L4 and L5 spinal
nerves to the sciatic nerve.52,57

Of particular interest was the phenotype switch of SGCs
expressing GS and/or GFAP. Surprisingly, less GS-positive
SGC were present after SNI. This could be a newly observed

Figure 4. Increase in GFAP-positive SGCs around all types of neurons after SNI. (A) Representative immunofluorescent staining and corresponding DL-mediated
segmentation of GFAP (magenta) and NF (gray) from SNI IL and sham IL injury sides. Yellow visualizes the overlap of GFAP-positive glial cells and neurons (scale
bar 5 100 mm/50 mm). (B–E) Image quantification displaying GFAP area per neuronal area (B, in %) as well as the percentage of all, small, and medium/large
neurons that are in proximity to GFAP-positive glial cells. Sham IL, sham CL, SNI IL and SNI CL 7 d (left), and 14 d (right) after injury (n5 10-12 DRG) are shown.
Significant changes: *P # 0.05; **P # 0.01; ***P # 0.001. DRG, dorsal root ganglia; GFAP, glial fibrillary acidic protein; SNI, spared nerve injury.
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downregulation of Glul, suggesting that GS expression is also
modified in course of injury.2,51 We saw no sign of gliosis after
SNI using these markers, instead, even fewer GS-positive and/
or GFAP-positive SGCs were detected around neurons. The
area of GS/GFAP-positive glial cells was only smaller on the
contralateral control side, which suggests that the overall SGC

number is not changed. Nonetheless, we show that not all
GFAP-positive glial cells are GS positive (59% in sham
condition), confirming that not all SGCs are GS positive.1,3 After
SNI, 3 different phenotypes were quantified: (1) GS-positive
SGCs with GFAP expression, (2) GS-positive but GFAP-
negative SGCs, and (3) GFAP-positive but GS-negative SGCs.

Figure 5.No loss of sensory neurons after SNI. (A) Segmentation of NF-stained DRGneurons (scale bar5 100mm). (B andC) Size distribution of neurons 7 and 14
d after injury. (D and E) Relative number of small neurons (,700 mm2) (yellow) and medium-sized and large neurons (green). (F and G) Visualization and
quantification of cellular area including the number of neurons per square millimeter tissue area. Each dot represents the mean value of the images of one DRG
from sham IL, shamCL, SNI IL, and SNI CL 7 d and 14 d after injury (n5 10-12). Significant changes: *P# 0.05. DRG, dorsal root ganglia; SNI, spared nerve injury.
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It is important to consider that GFAP is not only a puremarker for
SGC reactivation,11 but it is also expressed in progenitor cells
and immature Schwann cells.28,31 A dedifferentiation response
of SGCs, as indicated by GFAP upregulation, could be
interesting as a starting point for regenerative medicine.
Notably, SGCs, derived from the neural crest like Schwann
cells and DRG neurons, undergo dedifferentiation in vitro and
exhibit a progenitor potential toward Schwann cells.18 This

suggests that SGCs might represent a population of Schwann
cell precursors whose further development has been arrested in
their specific in vivo microenvironment.18

Observed plasticity changes of SGCs are less pronounced
14 d after SNI compared with 7 d. We did not investigate whether
and howobserved plasticity changes affectmechanical allodynia.
Therefore, we are not able to tell how the recovery of cellular
parameters correlates with pain sensitivity changes. Animals

Figure 6. Decrease in GS-positive SGCs after SNI. (A) Exemplary images of immunofluorescent staining and corresponding segmentation of GS (cyan) and NF
(gray) from SNI IL and sham IL injury sides, where red visualizes the overlap of GS-positive glial cells and neurons (scale bar 5 100 mm/50 mm) (B) GS area per
neuronal area (in%). (C–E) Percentage of all, small, medium-sized, and large neurons that are in proximity toGS-positive glial cells. Depicted are sham IL, shamCL,
SNI IL, andSNI CL 7 d (left) and 14 d (right) after injury (n5 10-12DRG). Significant changes aremarkedwith: *P# 0.05; **P# 0.01; ***P# 0.001. DRG, dorsal root
ganglia; GS, glutamine synthetase; SNI, spared nerve injury.
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develop robust allodynia and pain-like behavior that last for
months after the tibioperoneal nerves are cut at SNI.16,20,59 In line
with other studies,17,27,32,37,65 we focused on early plasticity
responses (7, 14 days) after nerve injury. Early responses are also
observed in injury models of the central nervous system. For
instance, in the cortex of the mouse, reactive gliosis, GFAP
upregulation, and glial phenotype changes are already detectable
1 day post lesion and are fully pronounced 7 days post lesion.7

Surprisingly, we could not find evidence for pronounced cell
death, loss of neuron–SGC entities, or gliosis in our SNI model.
However, we cannot exclude that neuronal death and reactive
gliosis occur at later time points after injury, eg, after months.

This study serves as an example of how DL-based bioimage
data analysis can be applied in pain research. These data are
useful reference for future studies looking at plasticity responses
at later time points and in other pain models, as well as for
retrospective reanalysis of open data and reevaluation of our

results by others (reproducibility). Critical could be that, up to
now, programming and data management skills are required for

data analysis. To open the method to more users, we made our
data set and analysis script openly available.55 Availability and

easy access to the raw data, analysis scripts, and DL models are
important to allow DL model evolution in an open science

community. Still, computational expertise is of advantage

Figure 7. Cellular plasticity of SGCs after SNI. (A) Visualization of image analysis. GFAP (magenta) and GS (cyan) segmentation are merged into a glial cell ring
segmentation (blue). NF-positive neurons that overlap with glial cell rings (yellow) are “neurons in proximity to glial cells”. (B) The overlap of GS-positive and GFAP-
positive glial cells (white) was quantified in relation to all GFAP-positive (magenta1white) or GS-positive (cyan1white) glial cells. Image quantification for glial cell
ring area per neuronal area (C), neurons in proximity to glial cells (D), as well as GS-positive glial cells expressing GFAP-positive (E), and GFAP-positive glial cells
expressing GS (F) are shown (in %). Compared with sham IL, sham CL, SNI IL, and SNI CL 7 d (left) and 14 d (right) after injury (n 5 10-12 DRG). Significant
changes: *P# 0.05; **P# 0.01; ***P# 0.001. DRG, dorsal root ganglia; GS, glutamine synthetase; GFAP, glial fibrillary acidic protein; SNI, spared nerve injury.
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because there is no one for all solution for complex bioimage
analysis studies.

In summary, DL-based image segmentation enabled us to
study cellular plasticity in DRG—themajor relay station in the pain
pathway—on the next level. Large-scale image analysis with DL
had the advantages of being fully transparent, more objective,
better scalable, and more specific about area size and location.
Segmentation of thousands of entities of SGC rings and sensory
neurons shows no injury-related loss of these cells within 14 days
after spared nerve injury. Instead, SGC plasticity, in close
proximity and possibly communication with its neuron, was
visualized.
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