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There is a critical need for the establishment, validation and characterisation
of human cell-based models in which to study nociceptive processing to aid
in the development of novel pain therapeutics, increase the translatability of
animal models and ultimately reduce animal use. We have therefore
developed techniques for the ethical acquisition, culturing and functional
analysis of human dorsal root ganglion (DRG) neurons. To date, we have
successfully retrieved whole DRGs from organ donors, dissociated and
established primary cultures of DRG cells, shipped cultured cells to both
national and international consortium member laboratories, and
electrophysiologically characterised DRG neurons in culture.

Introduction

Summary
• We	have	produced	primary	cultures	of	functionally	viable	human	DRG	

neurons	that	can	be	shipped	internationally	and	survive	for	weeks	in	culture.	
• Functional	analyses	reveal	a	heterogeneous	population	of	hDRG neurons	in	

cultures	– including	likely	nociceptive	neurons.	
• Cultured	hDRG neurons	are	suitable	for	functional	&	pharmacological	studies.	

This	research	was	carried	out	as	part	of	CRACKIT	Challenge	9:	DRG-NET,	funded	by	the	NC3Rs.	
The	work	was	conducted	in	collaboration	with	Grünenthal GmbH,	Metrion Biosciences	and	NHS	GGC.
A.	K.	Chouhan	received	a	travel	award	from	Guarantors	of	Brain.

Methods
Ethics:

Ethical permission to access organ donors for the purpose of obtaining DRGs, was granted
by the West of Scotland Research Ethics Service (Research Ethics Committee ref:
13/WS/0089; NHS GGC Integrated Research Application System ID: 129533).

DRG extraction and dissociation:

DRGs were extracted immediately following organ retrieval and transferred to
HibernateTM media for transfer to the laboratory. Ganglia were dissected into smaller
pieces and then underwent enzymatic digestion (Krebs solution supplemented with 0.1%
dispase II and 0.25% collagenase Type V), sieving (300µm cell strainer then 26% Percoll
solution) and centrifugation. Cells were seeded on 13mm diameter glass coverslips
coated with PLL and laminin at 500-1000 cells/15mm diameter well.

Immunohistochemistry:

Immunohistochemical labelling was conducted on 60µm slices of human DRGs prepared
using a vibratome. Antibodies used included: chicken anti-neurofilament-200 (NF200;
AbCam [ab4680], 1:10000); mouse anti-calcitonin gene related peptide (CGRP; AbCam
[4901], 1:100); rabbit anti somatostatin (SOM; Insight Bio [SantaCruz], 1:100); and mouse
anti-parvalbumin (PV; Millipore [MAB1572], 1:500).

Selected	DRG’s Chopped	tissue Plated	DRG	neurons Immuno-staining	
(DAPI &	β3	tubulin)

Electrophysiology:

Whole-cell patch-clamp recordings were obtained from cells visualised under infrared
differential interference contrast microscopy (IR-DIC). Current-clamp mode recordings
were utilised to study the output of hDRG neurons. Voltage-clamp mode recordings were
used to study voltage-gated currents and responses to receptor-specific pharmacological
agents. Successful recordings were performed across three different sites: St Andrews,
Grünenthal and Metrion.

Neurochemical	subtypes	of	hDRG neurons

Neurochemical	subtypes	and	size	profiles	of	neurons	within	slices	of	isolated	human	DRGs.		
A,	immunohistochemical staining	of	hDRG slices	revealed	subtypes	of	neurons	expressing	
neurofilament-200	(NF200),	calcitonin	gene-related	peptide	(CGRP),	parvalbumin (PV)	and	
somatostatin	(SOM).	Scale	bar	=	100µm.	B,	analysis	of	soma	size	of	subpopulations	of	hDRG
neurons	revealed	size	distributions	similar	to	other	species	(e.g.	rodents,	pigs)	with	smaller,	
likely	nociceptive	CGRP+ and	SOM+ neurons,	and	larger,	likely	proprioceptive	PV+	neurons.	
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Figure 3: Electrophysiology demonstrating the different types of action 
potential firing patterns generated by cultured DRG neurons.
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Dorsal root ganglia extraction and dissociation:
 
Extraction of the dorsal  root  ganglia was performed in an operating 
theatre immediately following organ retrieval. Prior to extraction, the 
patient was manoeuvred into the prone position and the back prepped 
using 85% w/v ethyl alcohol (Sterillium™) and sterile drapes around 
the incision site. An iodine impregnated sterile drape (3M™ Ioban™) 
was used to cover the incision site. Next, the skin was incised over the 
spinous processes (C3-L4) exposing the muscles, which were dissected 
either side of the spinous processes and reflected laterally with self-
retaining retractors to visualise the vertebral laminae. A laminectomy 
was performed using an oscillating saw and osteotome to access the 
vertebral canal. Ronguers were used to remove the bone overlying the 
intervertebral foramina and gentle traction applied to the spinal dura to 
reveal the DRGs. The ganglia were excised and peeled using a number 
15 scalpel blade to remove excess fat and connective tissue, then placed 
into a pot containing Hibernate™ media for transfer to the laboratory.
 
At the lab, the ganglia were dissected into smaller pieces to facilitate 
enzymatic digestion. A maximum of four DRGs were digested per dish 
using  4  ml  of  Krebs  solution  (107  mM sodium chloride,  26.2  mM 
sodium bicarbonate, 5.50 mM D-Glucose, 1.67 mM sodium phosphate 
monobasic, 3.49 mM potassium chloride, 7.60 mM sucrose, 9.63 mM 
sodium gluconate and 0.690 mM Magnesium sulphate) supplemented 
with  0.1% dispase II  (0.5  units/mg)  and 0.25% collagenase Type V 
(125 CDU/mg). During dissociation, DRGs were incubated at 37ºC and 
the solution was gently triturated using a glass pipette after 30 minutes. 
The suspension was passed over a 300 µm cell strainer (pluriSelect) to 
separate free-floating cells from the remaining undigested tissue, then 
carefully layered over a 26% Percoll solution (2.6 ml Percol; 1.0 ml 
1.5M salt; 6.4 ml cell culture water), and centrifuged at 1201g for 20 
minutes to separate the cells from the debris. Any undigested tissue was 
returned to the petri dish with fresh enzyme solution and incubated for 
a further 30 minutes. The process of digestion, sieving and centrifuging 
was repeated until all tissue was digested in order to increase cell yield.
 
After centrifuging, the cell pellet was removed from the universal tube 
and resuspended in Neurobasal-A growth media (supplemented with 
0.306 mM N-acetyl-L-cysteine, 1% v/v Amphotericin B solution, 2% v/
v B27 media supplement, 13.9 mM D-Glucose, 0.50 mM L-glutamine, 
1% v/v penicillin-streptomycin, 10.0 ng/ml 2.5S mouse nerve growth 
factor and 1% v/v foetal bovine serum) then passed over a 10 µm cell 
strainer (pluriSelect) and rinsed with 2 ml of fresh media to remove the 
red blood cells. The strainer was inverted onto a 50 ml falcon tube and 
back-flushed with 3 ml of growth media. As these cells are too big for a 
traditional haemocytometer, the cell suspension was mixed thoroughly 
using a p1000 pipette and 3x 10 µl aliquots were spotted onto a petri 
dish. Cell numbers were counted, averaged to the nearest whole cell, 
and seeded on glass coverslips coated with PLL and laminin (described 
in the substrate preparation) at 500-1000 cells/well in a 24-well plate.

Substrate preparation:
 
13mm glass coverslips were sterilised overnight in 70% ethanol then 
washed x3 with sterile water. The coverslips were spread out across the 
surface of a petri dish (20 per dish) and coated with 0.01 mg/ml poly-l-
lysine/sterile water (PLL, Sigma) overnight at 37ºC. The PLL solution 
was removed and the surfaces washed x3 in sterile tissue culture water 
and coated in 2 µg/ml laminin/phosphate buffered saline (PBS, Sigma) 
for 2 hours at 37ºC. Surfaces were stored in PBS at 2-8ºC until use. 

Characterisation of human sensory neurons:

 

 

 

 

 

 

 

 

 

Figure 1: Immunofluorescence images of some of the different sensory 
neurons identified in the DRG. 

 

 

 

 

 

 

Figure 2: Soma size distribution of NF200, CGRP, SOM and PVALB 
positive neurons.
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Dorsal root ganglia (DRGs) contain the cell bodies of afferent neurons responsible for relaying sensory information from the peripheral nervous system to the central nervous 
system. As such, DRGs are often used to study cellular and molecular mechanism involved in nerve regeneration and pain signalling. To date, most of the research has involved the 
use of animal DRGs (e.g. rodents) however, a number of clinical trials designed to test the efficacy of novel pain therapeutics, have failed to produce successful outcomes due to 
fundamental differences in neurophysiology between species. With this in mind, there is an obvious need to access human DRGs in order to identify, investigate and target these 
differences. CRACKIT challenge 9: DRGNET was established to provide academic and industrial researchers with DRGs extracted from organ donors. In this work, we have 
developed a robust method for extracting and dissociating human DRGs, and have provided over 40 shipments of primary sensory neuron cultures to four laboratories across the 
UK plus one in Europe. This has enabled the group as a whole to characterise these neurons using electrophysiology and immunofluorescence, and test novel therapeutics to treat 
chronic pain. Immunofluorescence analysis has identified several neuron populations including Neurofilament-200, Calcitonin gene-related peptide, Substance P, Somatostatin and 
Parvalbumin expressing subtypes with similar size distribution patterns to rodent DRG neurons, and shown that these neurons are viable up to 48 hours after the death of the donor.  

Collaboration:

To date, we have performed 46 DRG retrievals from organ donors over 
a range of 19-78 years of age (average age 55 years). A maximum of 28 
ganglia are recovered per retrieval (C8-L1 pair) resulting in cell yields 
0–2100 cells/ganglia depending on patient factors.

In this work, neuronal cultures were established at the University of 
Glasgow along with initial characterisation studies and investigations 
into sensory neuron regeneration. Transportation of tissue and live cell 
cultures was conducted across multiple sites for electrophysiology and 
additional characterisation studies, as well as pharmacological testing 
to develop new pain therapeutics.

Ethics and Funding:

Ethical permission to access organ donors for the purpose of obtaining 
DRGs, was granted by the West of Scotland Research Ethics Service 
(Research Ethics  Committee ref:  13/WS/0089;  NHS GGC Integrated 
Research Application System ID: 129533).

The research carried out as part of CRACKIT Challenge 9: DRG-NET, 
was funded by the NC3Rs. The work was conducted in collaboration 
with Grunenthal GmbH, Metrion Biosciences and NHS GGC.

Results:

Immunocytochemical analysis of human DRG tissue slices (Figure 1), 
identified a number of specific neuronal populations within the ganglia 
consistent with populations observed within DRGs of other species e.g. 
rodents and pig. Some of these subpopulations include calcitonin gene-
related peptide (CGRP) and somatostatin (SOM) expressing neurons, 
which are small calibre nociceptors associated with pain [1/2], and the 
large calibre parvalbumin (PVALB) expressing muscle proprioceptors 
[3]. The soma size of these neurons was analysed to determine cell size 
(µm) distribution for each subtype (Figure 2). In this work, CGRP and 
SOM neurons span a range of 20-50 µm and 20-60 µm respectively and 
the PVALB neurons are between 30-90 µm in diameter. Unlike rodent 
DRG neurons, where neurofilament-200 (NF200) expressing neurons 
represent large calibre neurons, NF200 positive neurons spanned both 
small and large neurons with cell sizes between 20-90 µm.  

Electrophysiology was used to asses the functionality of the dissociated 
neurons using the whole-cell patch-clamp technique. In current clamp 
mode, square pulses of increasing magnitude (5pA-145pA) were used 
to induce action potentials. Figure 3 shows two examples of recordings 
(Ai/ii and Bi/ii). Overall, dissociated neurons in culture produced four 
different responses categorised as: single, adaptive, repetitive no firing. 
These categories are defined as, single: with only one action potential, 
adaptive: more than one but less than five action potentials, repetitive: 
five or more action potentials, and no firing: zero action potentials. The 
proportion of cells exhibiting these different firing patterns is plotted in 
(C). Of the 54 cells analysed in this figure, 24% of cells demonstrated  
repetitive firing, 5.5% showed adaptive firing, 46% single firing and 
24% exhibited no action potentials. (D) Using the repetitive firing cells 
only, an average frequency–current (F-I) relationship was plotted which 
shows an increase in firing frequency upon increased current injection. 
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Receptors	expressed	by	hDRG neurons

Responses	of	hDRG neurons	to	a	range	of	receptor–specific	pharmacological	agents.
A,	current	responses	recorded	from	hDRGs in	response	to:	GABA	(100µM);	low	pH	(5.3);	ATP	
(10µM);	and	capsaicin	(1µM).	B,	the	proportion	of	hDRG neurons	that	respond	to	various	
receptor	agonists.	
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Firing	properties	of	hDRG neurons

hDRG neurons	produce	varying	patterns	of	action	potential	output.
Ai	&	Aii,	a	hDRG neuron	generating	repetitive	firing	in	response	to	current	injection.	
Bi	&	Bii,	a	hDRG neuron	that	only	generates	single	action	potentials	in	response	to	stimuli.	
C,	average	frequency–current	relationship	for	repetitively	firing	hDRG neurons	(n=8).	
D,	proportion	of	hDRGs exhibiting	different	firing	patterns	(n=54).	
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Voltage-gated	currents	of	hDRG neurons
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Properties	of	voltage-gated	sodium	and	potassium	currents	in	hDRG neurons.
Ai,	example	of	fast,	inactivating	Na+ currents	and	persistent	K+ currents	recorded	from	a	
hDRG neuron	in	response	to	depolarising voltage	steps.	Aii,	voltage-current	relationship	of	
fast,	inactivating	Na+ currents in	hDRG neurons	(n=54).	Aiii,	voltage-current	relationship	of	
persistent	K+	currents	in	hDRG neurons	(n=23).	Bi	&	Bii,	TTX-sensitive	Na+ currents	in	a	hDRG
neuron.	Ci	&	Cii,	TTX-insensitive	Na+ currents	in	a	hDRG neuron.	D,	magnitude	of	Na+
currents	with	varying	sensitivities	to	TTX.	E,	Proportion	of	hDRG neurons	exhibiting	Na+
currents	with	either	total,	partial	or	no	sensitivity	to	TTX	(n=24).	
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