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ABSTRACT
A long-lasting GABA-dependent increase in the excitability of afferent fibres, and thus modulation of the sensory input to the 
spinal cord, may be evoked by epidural polarization. However, the direct effects of fibre polarization are short-lasting and the 
sustained increase in their excitability appears to be secondary to the release of GABA from nearby astrocytes. We have now 
investigated whether the modulation of spinal sensory input by stimulation of a peripheral nerve, previously attributed to synap-
tically evoked intraspinal field potentials, is evoked in a similar way. However, as neither its dependence on GABA nor its relays 
have been investigated, we addressed the question of whether the increase in the excitability of epidurally stimulated afferent fi-
bres following a peripheral nerve stimulation does or does not depend on GABA and whether it might be mediated by astrocytes. 
The effects of conditioning stimulation of the tibial nerve were evaluated from changes in the excitability of both Group I and 
II muscle afferents, estimated from action potentials recorded in peripheral nerves and in field potentials recorded in the dorsal 
horn respectively in acute experiments on deeply anaesthetized rats. The excitability of the afferents was increased by stimula-
tion of Group II and/or cutaneous but not Group I muscle afferents. The effects were significantly weakened by blocking GABA 
channels by gabazine and by astrocyte toxin L-alpha-aminoadipic acid (L-AAA), indicating that the excitability of both Group I 
and II afferent fibres may be modulated by GABAergic astrocytes, the new role played by astrocytes.

1   |   Introduction

Input to the spinal cord may be modulated at several sites, between 
the origin of the sensory information in peripheral receptors to the 
synaptic contacts between afferent fibres and their spinal target 
cells. We have recently focused on one of these sites, where affer-
ent fibres branch profusely at the border between the dorsal col-
umn and the dorsal horn and where the polarization of the dorsal 

columns evokes a long-lasting increase in the excitability of these 
fibres (Jankowska et al. 2017; Li et al. 2020; Jankowska et al. 2022; 
Hammar and Jankowska 2024). The polarization evoked a long-
lasting (minutes or even hours) increase in the excitability of af-
ferent fibres within their branching region, which was found to 
depend on GABA (Li et al. 2020), most likely acting on extrasyn-
aptic GABA receptors distributed in close vicinity to Na+ channels 
(Lucas-Osma et al. 2018; Hari et al. 2022).

Abbreviations and Terminology: ECG, electrocardiogram; GABA, gamma-aminobutyric acid; GAD2, glutamate decarboxylase 2 enzyme for GABA biosynthesis; L-AAA, astrocyte toxin 
L-alpha-aminoadipic acid; L3-L4, third and fourth lumbar spinal cord segments; PAD, primary afferent depolarization; Per, common peroneal nerve; T, the threshold for Group I afferents 
stimulation; Tib, tibial nerve; Epidural polarization, polarization by constant direct current; Epidural stimulation, stimulation by constant intensity current pulses.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original 

work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

https://doi.org/10.1111/ejn.70057
https://doi.org/10.1111/ejn.70057
https://orcid.org/0000-0003-2856-2729
mailto:
https://orcid.org/0000-0002-1027-422X
mailto:elzbieta.jankowska@gu.se
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 of 16 European Journal of Neuroscience, 2025

GABAergic interneurons were originally considered a source of 
GABA increasing the excitability of afferent fibres within their 
proximal branching region (Hari et al. 2022). However, recent 
observations indicate that the increase in the excitability evoked 
by epidural polarization greatly depends on GABAergic glial 
cells, in particular astrocytes, because it is prevented by astro-
cyte toxin L-alpha-aminoadipic acid (L-AAA) (Hammar and 
Jankowska  2024). Astrocytes have already been shown to in-
crease fibre excitability in the visual cortex by affecting Nav1.6 
ion channels (Ryczko et al. 2021) and in the trigeminal nucleus 
by lowering [Ca2+] ‘at focal points along the axons’ (Gaudel 
et al. 2024). Astrocytes may thus be involved in modulating not 
only the synaptic transmission between neurons (for review, see, 
e.g., Fellin 2009; Allen 2014; Hanani and Verkhratsky 2021) but 
also the input to the neurons at a stage before it reaches them.

Previous observations have demonstrated how some GABA-
mediated modulatory actions of astrocytes may be evoked. In 
particular, the study of Perrier's group (Christensen et al. 2018) 
revealed not only that 29% of dorsal horn astrocytes in the tur-
tle are GABAergic but also that they may release GABA. Hence, 
they may evoke a long-lasting increase in the concentration of 
GABA in the area of afferent branching in the dorsal columns.

The main aim of the present study has been to find out whether 
modulation of spinal afferent input by stimulation of peripheral af-
ferent fibres (Bączyk and Jankowska 2018) is GABA-evoked and, 
if so, if it may be mediated by astrocytes in a way similar to that 
following epidural polarization. Bączyk and Jankowska  (2018) 
demonstrated that stimulation of a mixed hindlimb nerve is 
followed by an increase in the excitability of epidurally stimu-
lated fibres. This was considered an effect of extracellular field 
potentials evoked in the dorsal horn, replicating the effects of 
field potentials evoked by epidural polarization. However, the 
modulation of the excitability of afferent fibres evoked in this 
way might likewise be mediated by astrocytes releasing GABA. 
If so, the facilitatory effects of the conditioning stimulation of a 
peripheral nerve would be weakened or prevented by astrocyte 
toxin L-AAA and the GABA channel blocker gabazine.

Provided that astrocytes modulate the excitability of afferent fi-
bres, the second aim of the study was to estimate how specific 
their actions are. In particular, whether they not only contrib-
ute to the depolarization of proximal parts of the afferents but 
also enhance or counteract the presynaptic inhibition and/or 
primary afferent depolarization (PAD) evoked via axo-axonic 
contacts of GABAergic interneurons within their distal com-
partments. Proximally and distally distributed changes in the 
excitability of afferent fibres were considered to be mediated by 
subpopulations of GABAergic interneurons at different locations 
(Hari et al. 2022; Lin et al. 2023; Metz et al. 2023) (see Figs. 3 
and 7 in Hari et al. 2022) with only their ventral subpopulation 
mediating the specific patterns of presynaptic inhibition and 
PAD. However, proximally and distally evoked depolarization of 
afferent fibres might also be mediated by subpopulations of as-
trocytes or by astrocytes and GABAergic interneurons, respec-
tively. We, therefore, evaluated the effects of L-AAA on changes 
attributable to presynaptic inhibition evoked by stimulation of 
peripheral afferents. This was done by comparing changes in 
monosynaptic components of extracellular field potentials re-
corded in the dorsal horn by stimulation of a peripheral nerve 

and by epidural stimuli. Similar depression of both was expected 
to be compatible with their common mechanism, whereas dif-
ferences would indicate distinct actions of GABAergic astro-
cytes and interneurons.

2   |   Methods

All experiments were approved by the Regional Ethics 
Committee for Animal Research (Göteborgs Djurförsöksetiska 
Nämnd, permit no 5.8.18-16183/2019) and followed EU and 
NIH guidelines for animal care. The animals (19 female 
adult Sprague Dawley rats, 230–350 g, Janvier Labs, France) 
were housed under veterinary supervision at the Laboratory 
of Experimental Biomedicine at Sahlgrenska Academy with 
food and water ad libitum. Measures were taken to minimize 
animal discomfort by preceding the intraperitoneally applied 
anaesthetics with a short period of isoflurane inhalation an-
aesthesia when the animal was unrestrained in a box. The 
number of animals was minimized by using protocols that 
allowed more than one question to be addressed in each ex-
periment. The experimental procedures were as described by 
Hammar and Jankowska (2024).

2.1   |   Design of the Experiments

The main elements of the experimental design are illustrated in 
Figure 1a. The circle at the border between the dorsal column 
and the dorsal horn indicates the site where the excitability of 
afferent fibres providing input to the spinal cord was investi-
gated, using effects of epidural stimulation of these fibres as a 
measure. Their excitability was estimated from the size of the 
compound action potentials recorded from the common pero-
neal (Per) nerve (referred to as ‘nerve volley’) and the size of 
extracellular field potentials evoked in the dorsal horn (referred 
to as ‘field potential’), as indicated in Figure 1b. The epidural 
stimulation was applied within the segment where the larg-
est afferent volleys and cord dorsum potentials were evoked 
from the peroneus nerve and where it is most potently mod-
ulated by epidural polarization and astrocytes (see Hammar 
and Jankowska  2024). The dorsal horn field potentials were 
recorded at a location where the largest field potentials were 
evoked by Group II but not Group I Per muscle afferents.

Modulation of the excitability of epidurally stimulated fi-
bres was evoked by conditioning stimulation of the tibial 
(Tib) nerve, containing muscle and skin afferent fibres. The 
nerve was routinely stimulated at an intensity near maximal 
for Group II muscle spindle afferents (four to five times the 
threshold), but the comparison of effects of stimuli was done 
using different intensities.

Only the earliest components of the nerve volleys and field po-
tentials, within time windows of 0.4–0.9 ms and thus compatible 
with directly evoked potentials, were taken into account. Their 
increase indicated an increase in the number of afferent fibres 
excited by epidural stimulation following conditioning stimula-
tion, which in turn indicated an increase in the excitability of 
these fibres. The effects of the test and conditioning stimuli were 
compared before and after local administration of the astrocyte 
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toxin L-AAA and the GABAA channel blocker gabazine. L-AAA 
and gabazine were administered by diffusion from a micropi-
pette in contact with the surface of the dorsal column within 
a 1-mm distance from the tip of the electrode used for epidural 
stimulation (see Figure 1a) and compared with the effects of epi-
dural polarization, as indicated in Figure 1c.

The degree of presynaptic inhibition was estimated from the de-
crease in the dorsal horn field potentials evoked from Per that 

followed the conditioning stimulation of Tib as indicated in 
Figure 1d, at conditioning-testing intervals of 19–22 ms.

2.2   |   Preparation

Anaesthesia was induced with isoflurane (Baxter Medical AB, 
Kista, Sweden; 4% in air) followed by intraperitoneal admin-
istration of pentobarbital sodium (Apoteksbolaget, Göteborg, 

FIGURE 1    |    Diagrams of the experimental paradigms. (a) The preparation used in all the experimental series in which afferent fibres traversing 
the dorsal columns at the L3–L4 lumbar level were stimulated epidurally. The fibres included Group I and II muscle afferents and skin afferents, but 
activation of Group I and II muscle afferents was differentiated based on their specific responses: the shortest latency compound action potentials 
attributable to Group I afferents in a peripheral nerve (Per) and the earliest components of field potentials reflecting monosynaptic excitation of 
neurons within the explored region of the dorsal horn by Group II but not Group I afferent fibres. The sample records illustrate the responses used 
for analysis. The grey circle indicates the region within which the changes in the excitability were expected to occur. An example of the set-up of 
the electrodes and micropipettes used is shown below (a). The micropipette closest to the epidural stimulation electrode was used for recording field 
potentials from the dorsal horn. The micropipette further rostrally contained drugs that were allowed to diffuse when it was touching the surface of 
the dorsal column. Their entry zones are indicated by the small circles. (b) and (c) Experimental paradigms for testing changes in the excitability of 
epidurally stimulated afferent fibres evoked by epidural polarization reported previously (Hammar and Jankowska 2024) and by conditioning stim-
ulation of the tibial nerve. Blue and purple arrows indicate the direction of action potentials induced in Per and Tib respectively. The time windows 
within which the responses evoked by stimulation of these nerves and by epidural stimulation were compared are indicated by grey rectangles on the 
sample records in (a) and Figure 2. (d) Experimental paradigm for testing effects of the same conditioning stimuli on potentially occurring presyn-
aptic inhibition of transmission from epidurally stimulated fibres. Astrocytes postulated to mediate changes in the excitability of the analysed fibres 
within their branching regions are indicated to the right. Relay neurons are indicated as circles without specifying the types of synaptic contacts that 
they form. For further explanations see the text.
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Sweden; 30 mg/kg) together with α-chloralose (Acros Organics, 
Geel, Belgium, 30 mg/kg). The anaesthesia was supplemented 
with an intraperitoneal injection of α-chloralose (3 mg/kg, up to 
40 mg/kg) at intervals of 3–4 h. When a deep level of anaesthe-
sia had been established, the neuromuscular transmission was 
blocked during the experiment by gallamine triethiodide (Sigma 
Aldrich, G8134). Gallamine was injected intravenously (via 
the tail vein) at an initial dose of 10 mg/kg supplemented with 
5 mg/kg when needed, either intravenously or intraperitoneally. 
Artificial ventilation was applied via a tracheal tube by a respi-
ratory pump (CWE; model SAR-830/P) set to maintain the end-
tidal CO2 level at ~3.4%–4.5%. The core body temperature was 
kept at ~38°C using servo-controlled heating lamps. To compen-
sate for fluid loss, 10 mL of a glucose bicarbonate buffer (0.84-g 
NaHCO3 and 5-g glucose in 100-mL distilled H2O) were injected 
subcutaneously during the preliminary dissection. Throughout 
the experiment, the state of the animal was monitored by 
recording ECG, via needle electrodes inserted subcutaneously 
over the thorax, the concentration of CO2 in the expired air and 
the rectal temperature. The experiments were terminated by a 
lethal injection of anaesthetics resulting in ECG-verified cardiac 
arrest.

The initial surgery included the dissection of two hindlimb 
nerves, the mixed peroneal (Per) and tibial (Tib) nerves. These 
were transected distally, freed up to the mid-hip level and 
mounted on pairs of silver electrodes in a paraffin oil pool main-
tained at 32°C–35°C. The vertebral column was immobilized 
with clamps, between the Th13 and L1 levels, a laminectomy 
was performed exposing the L2–L5 spinal segments and the 
cord covered with paraffin oil maintained at 35°C–37°C. The 
dura remained intact apart from a small opening made for the 
introduction of the recording glass micropipette and for the drug 
administration (as illustrated in Figure 1a).

2.3   |   Stimulation and Epidural Polarization

Afferent fibres in Per and Tib nerves were stimulated epidurally 
at the level of the L3–L4 segments of the spinal cord, above the 
Per and Tib motor nuclei where the most extensive branching 
of Group I and II muscle afferent fibres occurs. The stimulation 
was applied within the length of 2–3 mm of the spinal cord over 
which the largest afferent volleys and cord dorsum potentials 
were evoked (see Fig. 1b in Li et al. 2020) from the two nerves 
at the dorsal root entry zone. The nerves were stimulated bipo-
larly using constant voltage stimuli at intensities three to five 
times the threshold. Afferents traversing the dorsal columns 
were stimulated monopolarly by a tungsten needle electrode 
insulated except for 20–30 μm at the tip (microneurography 
active needle, UNA35FNM, FHC, Bowdoin, ME, USA; imped-
ance 70–400 kΩ) against a subcutaneous abdominal reference 
electrode. Single 0.2-ms constant current rectangular stimuli 
were usually delivered at intensities 16–18 μA and were sub-
maximal for both nerve volleys recorded from a peripheral 
nerve and for field potentials recorded within the dorsal horn, 
the threshold stimuli for both being similar (10–12 μA). The 
stimuli were applied epidurally to avoid direct contact between 
the electrodes and the nervous tissue (see Holsheimer  2002; 
Bikson et  al.  2013; Holsheimer and Buitenweg  2015; Jackson 
et al. 2017).

Epidural polarization was passed via the same tungsten elec-
trode (see Bączyk and Jankowska 2018). It was delivered via a 
custom-designed polarizer (Magnusson, D, Göteborg University) 
using 1-μA depolarization for 1 min.

2.4   |   Recording

The orthodromic afferent volleys evoked by peripheral nerve 
stimulation and synaptically evoked field potentials electroton-
ically spreading to the surface of the spinal cord were recorded 
close to the dorsal root entry zone by a silver ball electrode 
touching the dura matter against a reference electrode inserted 
into a back muscle. Extracellular field potentials evoked by 
stimulation of either the peripheral nerves or epidurally were 
recorded with glass micropipettes with a tip of about 2 μm at a 
depth of 0.7–0.9 mm below the surface of the dorsal column. 
These were inserted through a small hole in the dura mater 
about 1 mm rostral to the tip of the tungsten electrode at an 
angle of 6°–8° with the tip directed laterally. Single records, as 
well as averages of 10 consecutive records, were sampled and 
stored online (sampling frequency 1 Hz; low passband filter set 
to 10 or 15 Hz and high-pass band filter at 5 or 3 Hz, resolution 
of 0.03 ms).

Changes in the size (area) of compound action potentials 
recorded in peripheral nerves and earliest components of 
field potentials (within 0.4–0.7 ms time windows) were used 
as a measure of the number of excited nerve fibres and thus 
of their excitability. Later components of the field potentials 
(within 1.5–2.5 ms time windows) were used for the compar-
ison of di- and tri-synaptically evoked components of these 
potentials.

2.5   |   Drug Application

The drugs were allowed to diffuse from a glass micropipette 
(tip diameter about 3 μm) in contact with the surface of the dor-
sal column filled with 1-mM solution of L-AAA, A7275 Sigma, 
or 100-mM solution of gabazine, SR-95531 Merck. The diffu-
sion of L-AAA and gabazine started 15–30 min and 10–15 min 
prior to the beginning of the recording respectively and con-
tinued during the whole period of recording (for 30–90 min). 
For the timing of the drug effects see Fig.  3 in Hammar and 
Jankowska (2024). The effects of L-AAA and gabazine were es-
timated only in preparations in which they modified the size of 
the control nerve volleys or field potentials, indicating that the 
experimental conditions were adequate.

2.6   |   Analysis

The areas of nerve volleys were estimated using a custom-
designed analysis programme (designed by E. Eide, Göteborg 
University; see Jankowska et al. 1997). They were expressed in 
arbitrary units in % of control records. The areas of the earliest 
components of the nerve volleys and field potential evoked by 
epidural stimulation were measured within a time window of 
0.4–0.7 ms from their onset (see boxed areas in sample records 
in Figure  1a). The time windows used for measurements of 
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field potentials evoked by stimulation of peripheral nerves were 
somewhat longer (0.5–0.9 ms) taking into account less synchro-
nous actions of potentials reaching their spinal targets because 
of the longer conductance distance. The epidurally evoked nerve 
volleys were evoked at latencies corresponding to the latencies 
of afferent volleys in Group I muscle afferents indicating that 
they were evoked in nerve fibres with the same conduction ve-
locity, that is, likewise Group I afferents.

Student's T-test was used to evaluate differences between means 
(± SD) of normally distributed experimental data (Shapiro–Wilk 
test or D'Agostini and Pearson test for the selected precondition-
ing and postconditioning, pre- and post-L-AAA and pregabazine 
and postgabazine data. In the case of lack of data normal dis-
tribution, the nonparametric Kruskal–Wallis test with Dunn's 
post hoc method for multiple comparisons was used (* p < 0.05; 
** p < 0.01; *** p < 0.001; **** p < 0.0001). The statistical analysis 
was performed using GraphPad Prism 10.0.3.

3   |   Results

3.1   |   Comparing Changes in the Excitability 
of Group I and II Muscle Afferent Fibres at Their 
Entry to the Spinal Cord Following Conditioning 
Stimulation of Peripheral Afferents

The excitability of epidurally stimulated Group I muscle 
afferent fibres was estimated from the size of the earliest 
components of the compound action potentials recorded from 

Per, as indicated in Figure 1a. They fulfilled the requirements 
of action potentials evoked in Group I afferents because they 
were evoked at the same latency as the latency of anterogradely 
conducted afferent volleys recorded at the level of the dorsal 
root entry zone following stimulation of the lowest threshold 
muscle afferents (with examples in Figure  3), indicating the 
same conduction time as between the peripheral nerve and 
the spinal cord. The size of these nerve volleys was used as a 
measure of the number of the excited Group I afferent fibres, 
with an increase following stimuli of the same intensity taken 
to indicate increased excitability of the epidurally stimulated 
fibres.

The excitability of Group II muscle afferents was estimated from 
the size of extracellular field potentials evoked in the dorsal horn 
using a time window for their monosynaptic components as in-
dicated in Figure 1a. The field potentials from Per were recorded 
at a location (depth, 0.7–0.9 mm from the surface of the dorsal 
column) where field potentials from Group I afferents were ab-
sent and where both extracellular field potentials and neuronal 
activity were evoked at stimulus intensities exceeding those 
near-maximal for Group I afferents and followed the Group II 
components of afferent volleys with delays of 0.3–0.5 ms, as il-
lustrated in the rightmost expanded records in Figure 2. These 
field potentials were therefore attributed to Group II muscle af-
ferents (Edgley and Jankowska 1987a). Maximal field potentials 
were usually evoked at 4 or 5T stimulus intensities, although 
larger field potentials were sometimes evoked by stronger (up to 
10T) stimuli. Whether this depended on differences in the pro-
portions of skin afferents or topographic factors (more medially, 

FIGURE 2    |    Group II origin of field potentials evoked from the Per and Tib nerves within the explored region of the dorsal horn. Upper records, 
extracellular dorsal horn field potentials evoked by graded stimulation of (a) Per and (b) Tib nerves, recorded at a depth of 0.85 mm. Lower traces, 
afferent volleys and cord dorsum potentials evoked simultaneously with the field potentials, recorded from the surface of the spinal cord at the dorsal 
root entry zone. The vertical dotted lines indicate the estimated onset of afferent volleys evoked by Group II muscle afferent fibres and extracellular 
field potentials evoked by them respectively. Note that the early components of afferent volleys from Per and Tib were near maximal at about 2T and 
3T respectively (the level of the horizontal dotted lines) and that the field potentials following the second vertical lines grew with stimulus intensities 
between 2 and 5T in parallel with the second components of the afferent volleys and the cord dorsum potentials. In the rightmost twice horizontally 
expanded records, the time windows for measuring the monosynaptically evoked components of the field potentials and cord dorsum potentials are 
indicated by squares. Note that the first components of field potentials from Tib started too early to be evoked by Group II afferents (as they were 
evoked at the latency shorter than that of the Group II afferent volleys) and at a threshold too high to allow their attribution to Group I afferents. They 
might thus be evoked by skin afferents. For further indications see text.
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laterally or rostrocaudally located recording sites) has not been 
determined. Neither was the origin of small field potentials pre-
ceding those attributed to Group II afferents defined but they 
might have been evoked within a neighbouring region by Group 
I afferents or skin afferents. The records of field potentials were 
supplemented by records from cord dorsum potentials (lower 
records in Figure 2) reflecting the intraspinal field potentials at-
tributable to Group II afferents.

Conditioning stimulation of Tib, following the experimental 
design outlined in Figure 1c, was found to increase the excit-
ability of both Group I and II muscle afferents as it increased 
the earliest components of nerve volleys following epidural 
stimulation (Figure  3b) as well as extracellular field poten-
tials evoked in the dorsal horn (Figure  3a). The control re-
cords of these potentials (blue or purple) and those following 

stimulation of Tib (black) are superimposed to ease their com-
parison. They illustrate the common finding that both were 
increased at the conditioning stimulation intensities within 
the range for Group II afferents (2–5T). Only a weak increase 
followed stimuli < 2T, that is, below threshold for Tib Group 
II afferents, indicated by the first dotted vertical lines in 
Figure 2b. Increasing the intensity of the conditioning stimuli 
above that maximal for Group II muscle afferents (about 4T) 
had only a minor effect. As the conditioning stimuli at inten-
sities below 2T were not effective, the probability of the con-
tribution of Group I muscle afferents was very low. A major 
contribution of the fastest-conducting skin afferents was also 
unlikely as a considerable proportion of these afferents would 
have been excited by 2T stimuli. The conditioning testing in-
terval was set at (15–20 ms) in order not to increase the num-
ber of the variables of these experiments. It was chosen not 

FIGURE 3    |    Facilitation of nerve volleys and the earliest components of field potentials evoked by epidural stimulation, reflecting the excitability 
of Group I and II muscle afferents, following the preceding conditioning stimulation of Group II afferents in the tibial nerve (as outlined in Figure 1d). 
(a) Examples of dorsal horn field potentials evoked by 15 μA epidural stimulation preceded by conditioning stimulation of Tib at the indicated inten-
sities. (b) Nerve volleys simultaneously recorded from Per, at the same time base as the field potentials and horizontally expanded. Superimposed re-
cords of control (blue) and conditioned (black) responses with shock artefacts of epidural polarization truncated. Note the increase of the conditioned 
responses in % of control, indicated to the left, with the increase in the intensity of the conditioning stimuli. Note also that the increase in the early 
components of the field potentials was combined with the decrease in the later components attributable to presynaptic inhibition. For more details 
see Figure 4. (c) Mean increases in the areas of the early components of field potentials and nerve volleys evoked by a medium-intensity epidural 
stimulation preceded by conditioning stimulation of Tib at increasing intensities. Mean (± SD) increases in percentages of the control test responses 
with dots for individual test series. The number of trials in the samples is indicated on the bars. (d) An illustration of the relationship between the 
degree of increase in the area of the field potentials (in arbitrary units) and the intensity of epidural stimulation at a constant intensity of the condi-
tioning stimuli (Tib 4T) in one of the experiments. (e) An example of different degrees of facilitation of responses of different sizes similarly evoked at 
a constant conditioning stimulus intensity (Tib 4T). The nonparametric Kruskal–Wallis test revealed a significant difference in medians among the 
five groups of data related to the intensity of conditioning stimuli (< 2, 2, 3, 4, 5T) regarding the field potential as well as afferent volleys (H statistics 
significant at p < 0.0001). Further post hoc analysis using Dunn's test for multiple comparisons indicated statistically significant differences for con-
ditioned responses as indicated by ** p < 0.01; *** p < 0. 001; **** p < 0.0001.
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only because it was effective in the experiments of Bączyk and 
Jankowska (2018) but also because it left the option of effects 
mediated by PAD, optimal at such intervals, open. It was also 
convenient because it allowed to analyse changes in dorsal 
horn field potentials evoked by epidural stimulation that were 
not superimposed on field potentials evoked by conditioning 
stimuli.

The degree of the increase was evaluated when single stimuli 
rather than trains were used as conditioning stimuli since re-
petitive stimulation evokes stronger presynaptic inhibition or 
postactivation depression of synaptically evoked field potentials 
that might obscure estimates of changes in the excitability of the 
fibres evoking these potentials. The effects of these stimuli were 
tested on submaximal responses evoked by epidural stimuli 
expected to leave a sufficient subthreshold fringe to allow the 
expression of the effects of conditioning stimuli. As illustrated 
in Figure 3, the relative differences between the test and con-
ditioned responses were indeed largest for the mid-range inten-
sities of epidural stimulation (d) and mid-sized field potentials 
evoked by them (e).

Following the maximal conditioning stimulation (4–5T) of Tib, 
the increase in nerve volleys induced in Group I afferent fibres 
and in the earliest components of the dorsal horn field potentials 
evoked by Group II afferent fibres was found in all 19 experiments. 
The mean relative increase in nerve volleys and field potentials 
fell within the same range (155%–175%; see Table  1) and was 
not found to be statistically significantly different (ns; p > 0.05) 
whether at 5T or lower intensities of the conditioning stimuli.

However, the quantitative comparison of the effects of pe-
ripheral conditioning has been hampered by the variability 
of these effects depending on experimental conditions. They 
depended in particular on the size of the test responses. This is 
illustrated in Figure 3e with a range of effects of the same in-
tensity of the conditioning stimulation (Tib 4T) on field poten-
tials of different sizes (evoked by graded epidural stimulation). 
For these reasons, the individual quantitative comparisons 
illustrated in Figures 3, 4, 5 and 6 were made on the effects 
of conditioning stimuli on test responses of matching sizes. 
The comparison summarized in Table  1 was also restricted 
to the effects of a standard intensity of conditioning stim-
uli (4–5T) on responses evoked by the optimal intensity test 
stimuli. The nonparametric Kruskal–Wallis test with Dunn's 
multiple comparisons did not reveal any statistical differences 
(p > 0.05) between changes in field potentials and nerve vol-
leys at any intensities of the conditioning stimuli (< 2, 2, 3, 
4, 5, 10T), although in individual experiments differences in 
both directions were observed (as indicated in Figure 3a,b).

Taken together, these results indicate that Group II, but not 
Group I muscle afferents, contribute to the modulation of 
input to the spinal cord from muscle afferents and that their 
effects resemble those of epidural polarization (Jankowska 
and Hammar 2021), as well as previously reported effects of 
stimulation of unspecified peripheral afferents (Bączyk and 
Jankowska  2018) despite differences in their duration (see 
Section 4). They also show that the preceding stimulation of 
Group II afferents increases the excitability of both Group I 
and II afferents, thereby providing an important clue for the 

TABLE 1    |    Effects of conditioning Tib stimulation under various experimental conditions.

Control
After 

L-AAA
After 

gabazine Difference

p-value 
paired 
t-test

p-value 
unpaired

No. 
of 

rats
No. of 
series

a b c d e f g h i

Facilitation: 162 ± 49 129 ± 40 1 31% 0.006 1-2 0.8 3 8

Field 
potentials 
(Group II)

164 ± 38 124 ± 27 2 40% 0.0004 1-3 0.61 5 11

Facilitation: 175 ± 22 136 ± 10 3 39% 0.002 3-4 0.03 4 9

Nerve 
volleys 
(Group I)

155 ± 49 116 ± 11 4 39% 0.04 2-4 0.38 5 10

Depression: 80 ± 10 81 ± 6 5 -1% 0.54 5-6 0.005 4 8

Per field 
potentials 
(Group II)

85 ± 10 97 ± 8 6 -12% 0.002 5 6

Note: Comparison of effects of Tib stimulation on dorsal horn field potentials and on nerve volleys recorded from Per, evoked by epidural stimulation, as well as on 
presynaptic inhibition of field potentials evoked at the same site by Per stimulation. Standard intensities of the test stimuli were submaximal and of conditioning 
stimuli near maximal for Group II muscle afferents in Tib (5T). The comparison involved the effects of these stimuli under control conditions (Column b) and during 
topical administration of either the astrocyte toxin L-AAA (Column c) or gabazine (Column d) on the dorsal surface of the spinal cord. The effects of conditioning 
stimulation of Tib in the presence of L-AAA and gabazine are expressed in % of control responses (Columns c and d) and as the difference between them and the 
effects evoked under control conditions (Column e). Column f shows that the differences were all statistically significant except for the effects of Tib conditioning of 
the presynaptic inhibition following L-AAA. Column g shows that no statistically significant differences were found between the effects of either L-AAA or gabazine 
on field potentials or nerve volleys (Comparisons 1–3 and 2–4). However, both the nerve volleys in Group I afferent fibres and presynaptic inhibition of transmission 
from Group II afferent fibres were significantly more affected by gabazine than by L-AAA (Comparisons 3–4 and 5–6). Columns h and i show the number of rats in 
experiments and the number of experimental series in which these data were obtained.
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conclusions on the most likely relays of these facilitatory ef-
fects (see Section 4).

3.2   |   Effects of the Astrocyte Toxin L-AAA on 
Changes in the Excitability of Group I and II Muscle 
Afferent Fibres at Their Entry to the Spinal Cord 
Evoked by Peripheral Conditioning Stimulation

Strong indications that the long-lasting effects of epidural po-
larization are mediated by astrocytes have been provided by 
showing that the astrocyte toxin L-AAA counteracts these ef-
fects (Hammar and Jankowska 2024). We have now addressed 
the question as to whether astrocytes might likewise mediate 
the increase in the excitability of afferent fibres by conditioning 
stimulation of peripheral afferents. To this end, we compared 

the effects of conditioning stimulation of Tib as described above, 
with the effects after application of L-AAA.

In keeping with previous observations (Hammar and 
Jankowska 2024), the excitability of epidurally stimulated fibres 
changed only marginally during the diffusion of L-AAA from a 
pipette in contact with the surface of the spinal cord. However, 
the effects of conditioning stimulation of Tib on the excitability 
of epidurally stimulated fibres were consistently weakened in 
the presence of L-AAA. As illustrated in Figure 4a,b,c and sum-
marized in Table 1 (Columns c, e and f), the effects of Tib during 
diffusion of L-AAA were weaker than under control conditions 
and the difference was highly statistically significant in all 
three experiments. The early components of epidurally evoked 
dorsal horn field potentials were then increased following Tib 
stimulation by 31% less than under control conditions (Table 1, 

FIGURE 4    |    Effects of conditioning stimulation of a peripheral nerve (Tib) on the excitability of Group I and II afferents excited by epidural 
stimulation under control conditions and under effects of the astrocyte toxin L-AAA the GABA channel blocker gabazine. (a) and (b) Upper traces, 
dorsal horn field potentials recorded at a depth of 0.85 mm. Superimposed records of effects of epidural stimulation (blue) and when it was preceded 
by conditioning stimulation of Tib under control conditions (black), and 42 min after the onset of administration of L-AAA (orange). The relative 
increases of the conditioned earliest components indicated to the left are in percentages of control values. The differences between the test and con-
ditioned responses are below. Bottom traces, records from the peroneal nerve, the first components of the nerve volleys representing responses of 
Group I afferents and later components responses of Group II and/or undefined slower conducting afferents with the difference between the test and 
conditioned responses above them. (d) and (e), as in (a) and (b) but for effects of gabazine tested 17 min after the onset of its administration in another 
experiment. Voltage calibration in b is for the intraspinal records. (c) and (f) Mean decrease in the facilitation of field potentials and nerve volleys 
under the effects of L-AAA and gabazine. * p < 0.05, ** p < 0.01 and *** p < 0.001 indicate statistically significant differences between the test and 
conditioned responses. See Section 2 and Figure 3.
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Column e). In one experiment in which no data prior to L-AAA 
diffusion were obtained but L-AAA was allowed to diffuse for 
1 h, the dorsal horn field potentials were increased by the con-
ditioning Tib stimulation to only 104%. In addition, in one of 
the experiments, the latency of the dorsal horn field potentials 
was increased following conditioning Tib stimulation (from 0.7 
to 1.09 ms from the stimulus, i.e., by 0.3–0.4 ms (Figure 4b), re-
turning to the original latency about 2 h after the diffusion of the 
toxin was terminated.

3.3   |   Effects of Gabazine on Changes in 
the Excitability of Group I and II Muscle Afferent 
Fibres at Their Entry to the Spinal Cord Evoked by 
Peripheral Conditioning Stimulation

The increase in the excitability of epidurally stimulated fi-
bres following stimulation of a peripheral nerve was consid-
ered to be due to field potentials evoked by such stimulation 
and to replicate effects of epidural polarization (Bączyk and 

FIGURE 5    |     Legend on next page.
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Jankowska 2018), with the silent assumption that the effects 
of stimulation of a peripheral nerve are likewise GABA-
dependent. However, even if astrocytes rather than intraspinal 

field potentials contribute to the effects of a peripheral nerve, 
the effects of peripheral and epidural stimulation are not nec-
essarily mediated by the same categories of astrocytes. Recent 

FIGURE 5    |    Prolonged facilitatory effects of peripheral afferent fibres. (a) Examples of averaged field potentials evoked by epidural stimulation 
(14 μA, with shock artefacts truncated) in a 15 min long series of records alternating with sequences of responses evoked by epidural polarization 
preceded by stimulation of Tib (3.5T) exemplified in (f). Note an increase in the early components of these potentials. (b) and (d) Comparison of 
changes in 60 consecutive average field potentials and nerve volleys evoked by epidural stimulation alone (light grey) and when they were preceded 
by Tib stimulation (dark grey) under control conditions and in the presence of gabazine (55 and 20 min from the beginning of its application, light and 
dark green). Data from two experiments with the largest effects on field potentials and nerve volleys respectively. Averages of 60 alternating test and 
conditioned responses during successive 1-min periods and of 10 responses/min during the following 15 min. (c) and (e) Mean decrease in the facil-
itation of field potentials and nerve volleys under effects of gabazine. (f) Comparison of field potentials evoked by Tib and epidural stimulation (left 
and right in each trace, with shock artefacts truncated, during successive five periods of conditioning stimulation in the series illustrated in the top 
plot in (b). Dotted and dashed horizontal lines indicate peak amplitudes of field potentials evoked by the first series of Tib and epidural stimulation 
respectively. * p < 0.05, ** p < 0.01 and *** p < 0.001, **** p < 0.0001 indicate statistically significant differences between bars indicated in (c) and (e) 
by the horizontal lines (test vs. conditioned responses) or the vertical lines (control conditioned responses vs. conditioned responses under effects of 
gabazine). For the last three bars, x p < 0.05; xx p < 0.01; xxx p < 0.001 and ns indicate the statistical significance of differences (or its absence) between 
responses evoked during the first control period and those following the 5th conditioning sequence. See Section 2 and Figure 3. Note that the field 
potentials at 16 and 20 min (the last 2 bars) were significantly larger when compared with the first test potentials but not after gabazine application.

FIGURE 6    |    Comparison of effects of stimulation of a peripheral nerve on dorsal horn field potentials evoked by Group II afferents in another 
nerve (presynaptic inhibition, see Figure 1 (d) under control conditions and in the presence of the astrocyte toxin L-AAA or the GABAA channel 
blocker gabazine. (a) and (b), Upper records, examples of field potentials evoked by stimulating Per alone (4T, blue traces) or preceded by stimulation 
of Tib (5T, under control conditions (black traces) and in the presence of the astrocyte toxin L-AAA (orange). Lower records, cord dorsum potentials. 
Changes in the areas of the earliest components of the conditioned field potentials are indicated to the left in percentages of control areas. (c) Mean 
areas of monosynaptic components of the test and conditioned field potentials (measured within a 0.9 ms time window) under control conditions 
and under effects of L-AAA. (d–f) as in (a–c) but for the effects of gabazine. * p < 0.05, ** p < 0.01 and **** p < 0.0001 indicate statistically significant 
differences between the test and conditioned responses. See Section 2 and Figure 3. The nonparametric Kruskal–Wallis test revealed a lack of a sig-
nificant difference between control and post-L-AAA conditions (H statistic p = 0.1173), whereas a statistically significant decrease in the presynaptic 
inhibition has been indicated by paired Student t-test in the presence of gabazine.
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studies revealed that astrocytes might increase the excitabil-
ity of afferent fibres (as judged from their effects on afferent 
ganglion cells in the trigeminal nucleus by lowering [Ca2+] 
‘at focal points along the axons’ (Gaudel et  al.  2024). Both 
in the trigeminal nucleus and in the visual cortex (Ryczko 
et al. 2021), the Ca2+-related effects of glial cells modified the 
excitability of Nav 1.6 ion channels. Such astrocytes might 
thus also be involved in mediating effects of conditioning 
stimulation of Tib on afferents entering the spinal cord and 
act independently or in parallel with GABAergic astrocytes 
activated by epidural polarization.

It thus became critical to test the effects of the GABA channel 
blocker gabazine on the facilitatory effects of Tib stimulation. 
Gabazine effectively counteracted increases in the excitability 
of epidurally stimulated afferent fibres during as well as follow-
ing the period of their polarization (see Fig. 4e in Hammar and 
Jankowska  2024). Provided that the effects of Tib stimulation 
are mediated by GABAergic astrocytes, they should likewise be 
reduced by gabazine.

The effects of gabazine were examined in the same way as the 
above-described effects of L-AAA and were indeed found to be 
similar (Table 1, Columns b and d). Figure 4d,e,f illustrates the 
much weaker facilitatory effects of Tib stimulation during gab-
azine application compared with those evoked under control 
conditions. In the records illustrated in Figure 4, the early com-
ponents of the dorsal horn field potentials evoked by epidural 
stimulation were increased to 109% during gabazine application 
rather than to 189% in the control records. Similarly, the nerve 
volleys increased to 122% instead of 144%. The mean differences 
amounted to 40% and 39%, respectively (Table  1, Column e). 
They were thus comparable with the mean differences in the 
presence of L-AAA and no statistically significant differences 
were found between the effects of gabazine and L-AAA on field 
potentials, although they were unexpectedly found with respect 
to nerve volleys.

3.4   |   How Long-Lasting Are the Facilitatory 
Effects of Stimulation of Group II Afferent Fibres?

Data in Figures  3–5 and Table  1 show the effects of single 
conditioning stimuli applied to Tib about 20 ms before the test 
epidural stimuli when 10 test epidural stimuli (at 1 Hz) alter-
nated with 10 such stimuli preceded by conditioning stimuli. 
Under such conditions, the mean increase of nerve volleys and 
field potentials fell within a range of 155%–175% of the con-
trol (Table  1, Column b) but was weaker than the increases 
following 1 min of epidural polarization (frequently exceeding 
1000%). The duration of the effects was also shorter because 
the responses following the conditioning stimulus within 
a second range were usually unchanged. However, in some 
experiments, the successive responses were increased (up to 
166%) when preceded by conditioning stimuli for 10–15 min, 
as illustrated in Figure 5a.

In order to maximize the effects of conditioning stimulation of 
peripheral afferents, we modified the experimental conditions 
by using five trains of 60 test epidural stimuli at 1 Hz alternat-
ing with trains of 60 epidural stimuli preceded by conditioning 

stimuli (Tib 4T). The increasingly stronger mean effects of con-
ditioning stimuli applied in this way were found in 7/10 exper-
iments. The nerve volleys increased within the range of 150% 
after the first series to 250% after the third to fourth series and 
field potentials from 180% to 300% after the fourth to fifth se-
ries 10 min after the first control records (Figure 5b–e). In three 
experiments, the nerve volleys and field potentials remained 
increased for 10–15 min following the fifth conditioning se-
quence, the two largest increases being illustrated in Figure 5b,d 
(top), but most often, any postconditioning increase did not ex-
ceed 120%.

In preparations in which L-AAA (one experiment) or gaba-
zine (four experiments) were applied, the increases evoked by 
successive stimuli were much weaker. Plots illustrating the ef-
fects of gabazine on field potentials and nerve volleys in two 
of the experiments are shown in Figure 5b,d, with mean data 
being presented in Figure  5c,d. As indicated, all differences 
between responses evoked before and immediately following 
the trains of Tib stimulation (light and dark bars) were statis-
tically significant as were also at least some changes between 
the responses evoked before the first sequence of condition-
ing stimuli and those evoked after the last of these sequences. 
The two plots also show statistically significant differences 
between the effects of conditioning stimulation under control 
conditions (dark grey bars) and those affected by gabazine 
(dark green bars).

Weaker effects of Tib conditioning stimuli in the presence of L-
AAA and gabazine were associated with the previously reported 
shorter lasting effects of epidural polarization on the increase 
of both nerve volleys and dorsal horn field potentials (not illus-
trated) following the experimental design in Figure 1b.

The variability of effects of conditioning stimulation of a periph-
eral nerve evoked by either single stimuli or trains of stimuli at 
1 Hz lasting 1 min appeared to be related to the changing back-
ground at which it was applied. Weaker effects were apparently 
evoked at the background of the excitability of the fibres modi-
fied by previously repeated stimuli and the largest effects of con-
ditioning stimuli were seen at the beginning of the experiment. 
One of the factors to consider was the degree of depolarization of 
dorsal horn neurons by conditioning stimuli as this could affect 
the postsynaptic potentials reflected in extracellular field poten-
tials induced in the dorsal horn neurons more than the number 
of the epidurally stimulated nerve fibres giving rise to them. It 
was therefore important to compare the effects of the condition-
ing Tib stimulation on dorsal horn field potentials evoked by 
epidural stimulation and by peripherally stimulated afferents. 
In the series of records illustrated in Figure 5f, the field poten-
tials following Tib stimulation remained practically unchanged 
(99%–102%), whereas field potentials evoked by epidural stimu-
lation increased (to 145%–253%). Similar differences were seen 
in other experiments.

Taken together, the reported effects of gabazine are in keeping 
with GABA-mediated effects of peripheral afferents both within 
seconds following their stimulation and for at least several min-
utes. Nevertheless, the effects of gabazine could only partly 
support the hypothesis of the involvement of the astrocytes in 
peripherally evoked modulatory effects because gabazine could 
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counteract the effects of GABA released by GABAergic inter-
neurons as well as by GABAergic astrocytes.

3.5   |   Presynaptic Inhibition of Field Potentials 
Evoked by Group II Muscle Afferents in 
Preparations Treated With Astrocyte Toxin L-AAA 
and Gabazine

One of the factors interfering with the longer-lasting GABA-
dependent effects of peripheral afferents on the excitability of 
epidurally stimulated fibres might be presynaptic inhibition 
of transmission from the afferents (as outlined in Figure  1d). 
Under conditions of the present experiments, presynaptic in-
hibition might reduce synaptic actions of Group II afferent fi-
bres stimulated either peripherally or epidurally at least in the 
case of Group II afferent fibres projecting to the dorsal horn. If 
the transmission between the epidurally stimulated fibres and 
their target neurons was weakened, the resulting field potentials 
would be reduced, and hence, the numbers of these fibres and 
estimates of their excitability deduced from the size of the field 
potentials might be underestimated. As shown in Figure  3e, 
both the smallest and near maximal dorsal horn field potentials 
evoked by epidural stimulation were less effectively increased 
than those within the middle range. The question therefore 
arose whether changes in presynaptic inhibition following L-
AAA and gabazine administration, and the resulting decreases 
in the dorsal horn field potentials significantly interfered with 
the evaluation of the excitability of Group II afferents.

To address this question, the origin of presynaptic inhibition 
within the explored region of the dorsal horn was first verified by 
comparing the degree of depression of field potentials evoked by 
Per Group II afferents following conditioning stimulation of Tib. 
As illustrated in Figure 6a with records from one of the experi-
ments, both early and later components of these potentials were 
decreased by Tib stimulation. The monosynaptic components 
of Per field potentials were on average decreased to 96%–75% of 
control depending on the intensity of Tib stimulation (grey bars 
in Figure  6c). The degree of decrease of the later components 
could not be reliably quantified but appeared to be either simi-
lar or stronger. Both were decreased when Tib stimulation was 
within the range 2.5–5.0 times threshold, whereas weaker con-
ditioning stimuli were not effective and stronger stimuli failed to 
evoke increasingly stronger effects, in keeping with the origin of 
the presynaptic inhibition of transmission from Group II muscle 
afferents (Rudomin and Schmidt 1999).

In L-AAA-treated preparations, the presynaptic inhibition of 
Per field potentials by Tib conditioning stimulation remained 
practically unchanged (Table 1, Column c) or was only margin-
ally decreased (Figure  6a,b,c). Nevertheless, the paired t-test 
revealed that the statistical significance of differences between 
presynaptic inhibition before and during L-AAA treatment 
was close to its critical value (p = 0.54) not excluding the pos-
sibility that astrocytes might to some extent affect presynaptic 
inhibition and thus GABAergic interneurons that mediate it, 
albeit only marginally. In contrast, the decrease in the presyn-
aptic inhibition by gabazine (from 85 ± 10% to 97 ± 8%, Table 1, 
Column d) was statistically significant. To what extent the mar-
ginal decreases in presynaptic inhibition after L-AAA and the 

larger decrease by gabazine would affect estimates of the effects 
of Tib stimulation on the monosynaptic components of dorsal 
horn field potentials evoked by epidural stimulation would thus 
remain an open question. They might be in keeping with the 
slightly stronger relative increases of the facilitation of dorsal 
horn field potentials by Tib stimulation in the presence of gab-
azine than L-AAA (Table 1, Column b). However, they would 
not be in keeping with similar effects of Tib stimulation on dor-
sal horn field potentials and nerve volleys evoked by epidural 
stimulation, which would not be expected to be affected by pre-
synaptic inhibition. They should thus only have a minor impact 
on the estimates of the effects of the conditioning stimulation 
of peripheral afferents on the excitability of Group II afferent 
fibres. Marginal effects of L-AAA on presynaptic inhibition 
might also indicate that astrocytes, in contrast to GABAergic 
interneurons may only have negligible effects on terminals of 
primary afferents.

4   |   Discussion

The results of this study are in support of the hypothesis that 
GABAergic astrocytes modulate spinal afferent input not only 
following epidural polarization but also when the modulation is 
evoked via spinal reflex pathways. The main argument in favour 
of this possibility is the demonstration that the astrocyte toxin 
(L-AAA) counteracts increases in the excitability of epidurally 
stimulated afferent fibres following conditioning stimulation of 
a peripheral nerve and that the GABAA channel blocker, gaba-
zine, has a similar effect. An alternative possibility that the in-
creases in excitability are mediated by GABAergic interneurons 
is less likely; the arguments for and against the two options will 
be addressed in Sections 4.2 and 4.3.

4.1   |   Comparison of Effects of Conditioning 
Stimulation of a Peripheral Nerve on 
the Excitability of Group I and II Muscle Afferents

Epidural stimulation may excite any nerve fibres within its ef-
fective radius. In the previous studies, we focused on changes 
in the excitability of Group I muscle afferents, as judged from 
changes in the fastest conducting fraction of the fibres in which 
compound action potentials were evoked in a peripheral muscle 
nerve. Observations on other categories of epidurally stimulated 
afferent fibres were made only occasionally by noticing changes 
in later components of nerve volleys recorded in muscle nerves 
or skin nerves or in dorsal horn field potentials evoked by un-
specified afferent fibres (Bączyk and Jankowska 2018). However, 
at distinct locations within the dorsal horn monosynaptic field 
potentials following stimulation of a muscle or mixed peripheral 
nerves are evoked from specific afferents. In particular, Rexed's 
Laminae III and IV such potentials are evoked by Group II but 
not by Group I afferents, which have their target cells in more 
ventral laminae (Ishizuka et  al.  1979; see their Fig.  9). Such 
field potentials may thus be attributed to either Group II muscle 
afferents or the fastest conducting skin afferents, but to Group 
II muscle afferents when evoked by stimuli suprathreshold 
for these afferents and at a latency required for Group II me-
diated synaptic actions. In the present study, we evaluated, as 
previously (Jankowska and Hammar  2021), the excitability of 
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epidurally stimulated Group I muscle afferents, from the earli-
est components of nerve volleys recorded in a peripheral nerve. 
The excitability of concurrently epidurally stimulated Group II 
muscle afferents was estimated from changes in field potentials 
recorded at locations where they were only evoked at peripheral 
nerve stimulation intensities 2–5 times threshold for Group I 
afferents and at latencies 1.5–2.5 ms from Group I afferent vol-
leys but about 0.7 ms from Group II afferent volleys. These la-
tencies were in keeping with 0.6–0.8 ms longer conduction time 
along Group II than Group I muscle afferents (see Edgley and 
Jankowska 1987a,  1987b in the cat; Riddell and Hadian 1998, 
2000 in the rat) and with one synaptic delay of 0.7–1.0 ms. We 
wish to stress that the classification of the explored dorsal horn 
field potentials as being of Group II origin was based on the 
specificity of projections of afferent fibres to the selected area of 
the dorsal horn and not on the intensity of the epidural stimula-
tion. As indicated in the methods section, the threshold epidural 
stimuli were the same for Group I afferents giving rise to pe-
ripheral volleys and Group II afferents evoking dorsal horn field 
potentials. Under our experimental conditions, the thresholds 
for activation of different fibre categories would thus depend on 
the distance from the tip of the stimulating electrode rather than 
the diameter of the fibres which is a decisive factor when they 
are stimulated within the peripheral nerves (size principle of 
Henneman 1957). The epidural thresholds for both Group I and 
II afferents were usually 10–12 μA, and the stimuli used to evoke 
test responses were 16–18 μA.

The contribution of skin afferents to the explored field potentials 
could not be estimated. It was possible in view of the conver-
gence of Group II and skin afferents on neurons within the feline 
dorsal horn (Edgley and Jankowska 1987b), although primarily 
within its medial part in the mouse, as judged from the projec-
tion area of skin and muscle afferents in this species (Gradwell 
et  al.  2024) and the location of interneurons processing infor-
mation from skin afferents (Hongo et al. 1989; Koch et al. 2018; 
Schouenborg 2002). Skin afferents did not nevertheless appear 
to contribute in a major way to the field potentials at the ex-
plored locations because these potentials were evoked at stimu-
lus intensities exceeding 1.8–2T and such stimuli would excite a 
considerable proportion of skin afferents in a mixed nerve.

Based on these premises, the changes in peripherally recorded 
nerve volleys and in the first components of dorsal horn field 
potentials were used as a measure of changes in the excitabil-
ity of epidurally stimulated Group I and II afferent fibres re-
spectively. The results revealed similar effects of the peripheral 
conditioning stimulation on Group I and II fibres (Figure 3 and 
Table 1). The most effective conditioning stimulation of Tib was 
at intensities 2.5–4T. As no effects were evoked at conditioning 
stimulus intensities < 2T, the contribution of Group I muscle af-
ferents and of low threshold skin afferents in Tib was unlikely 
and Group II muscle spindle afferents appeared to play a major 
role. Furthermore, no major differences were found when con-
ditioning stimulation of Tib was followed by small or large field 
potentials from this nerve within the explored region of the spi-
nal cord, hence weakening the previously considered possibility 
of decisive effects of synaptically evoked electric fields.

Single 2–5T stimuli were followed by an increase in the excit-
ability of epidurally stimulated afferent fibres up to 200%–300%, 

that is, weaker than that evoked by epidural polarization. 
However, the increase might have been underestimated if field 
potentials evoked in the dorsal horn were at the same time coun-
teracted by presynaptic inhibition. As illustrated in Figures 3 
and 6, an increase in the early components of these potentials 
by Group II afferents in the tibial nerve was consistently com-
bined with the decrease in the later components in parallel 
with presynaptic inhibition of peripherally evoked field poten-
tials (Figures 5 and 6). The increase in the early components 
might thus have been evoked at the background of presynaptic 
inhibition. However, presynaptic inhibition or postactivation 
depression should not counteract the longer-term effects of 
stimulation of peripheral afferent fibres illustrated in Figure 5 
and these were similar on Group I and II afferents.

The presently reported effects of peripheral conditioning were 
found to be shorter lasting than the effects of epidural polar-
ization but facilitatory effects of peripheral conditioning last-
ing at least 1 h have been previously reported (Bączyk and 
Jankowska  2018). The duration of effects of peripheral condi-
tioning may however depend on experimental conditions, for 
example, the distance between the sites of epidural stimulation 
with respect to the projection area of epidurally stimulated fi-
bres. Considering the major role of intraspinal electric field po-
tentials, Bączyk and Jankowska (2018) might have applied the 
epidural stimulation more caudally than in the present exper-
iments to be closer to the region where Tib stimulation evoked 
larger dorsal horn field potentials, which were in addition 
evoked by weaker stimuli (2T). The effectiveness of 2T Tib stim-
uli might also indicate a stronger contribution of more caudally 
projecting skin afferents coexcited with Group II afferents.

In summary, this comparison leads to the conclusion that the 
conditioning stimulation of Group II afferents has a similar ef-
fect on the excitability of Group I and II afferents and that the 
increase in their excitability by peripheral conditioning might 
be weaker but not much weaker than by epidural polarization. 
These similarities might thus indicate that epidural polarization 
and stimulation of peripheral afferents modulate the excitability 
of Group I and II afferents at the same site, likely at their branch-
ing region at the border between the dorsal column and the dor-
sal horn, and that these effects are mediated in a similar way.

4.2   |   Contribution of Astrocytes to the Increase 
in the Excitability of Afferent Fibres Following 
Stimulation of a Peripheral Nerve

The long-lasting increase in the excitability of afferent fibres 
at the border between the dorsal column and the dorsal horn 
following epidural polarization was originally attributed to the 
direct effects of polarization of these fibres (Li et al. 2020). A sim-
ilar increase in the excitability of dorsal column fibres following 
stimulation of a peripheral nerve (Bączyk and Jankowska 2018) 
was therefore considered because of extracellular field poten-
tials evoked by peripheral afferent fibres projecting to the dor-
sal horn.

However, the sustained GABA-dependent increase in the ex-
citability of afferent fibres by direct effects of epidural polar-
ization has since been found to be negligible because it was 
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prevented in the presence of the GABAA receptor blocker 
gabazine (see Fig. 4e in Hammar and Jankowska 2024). The 
depolarization of GABAergic astrocytes by epidurally ap-
plied DC and the resulting increase in the concentration of 
GABA released by them appeared to be critical because the 
long-lasting effects of epidural polarization were prevented by 
the astrocyte toxin L-AAA (Hammar and Jankowska  2024) 
as effectively as by gabazine. It was therefore considered that 
extracellular dorsal horn field potentials evoked by primary 
afferent fibres might likewise have a negligible direct effect 
on branching regions of afferent fibres but contribute to the 
depolarization of the astrocytes and their GABA-mediated ef-
fects. Astrocytes might also be excited by glutamate spillover 
from terminals of peripheral afferents terminating on dor-
sal horn neurons or of terminals of these neurons targeting 
other dorsal horn neurons. In both cases, the GABA channel 
blocker acting within the postulated region of actions of astro-
cytes should counteract the effects of the conditioning stim-
ulation of peripheral afferents, as indeed found. The results 
illustrated in Figures 4–6 show that gabazine effectively coun-
teracted the Tib-evoked increases in the excitability of affer-
ent fibres. The hypothesis that these GABA-mediated effects 
are mediated by astrocytes is further supported by the finding 
that L-AAA weakened these modulatory effects. However, 
as summarized in Table 1, L-AAA counteracted peripherally 
evoked modulation in the excitability only moderately. This 
might indicate a less critical contribution of astrocytes to the 
peripherally than to epidurally evoked modulation. However, 
the excitability of epidurally stimulated fibres during epidural 
polarization (i.e., the phasic effect of epidural polarization) 
was likewise only moderately decreased in the presence of 
L-AAA (cf. Fig. 4 in Hammar and Jankowska 2024), Hence, 
relatively weak interaction with the long-lasting increase in 
the excitability of nerve fibres by peripheral afferents does not 
contradict the postulated mediation of modulatory effects of 
peripheral afferents by astrocytes.

The relatively weak effects of L-AAA might be related to several 
factors. For instance, only a relatively small proportion of the 
dorsal horn astrocytes was found to be GABAergic (Christensen 
et al. 2018), their distribution might not be uniform and different 
subpopulations of GABAergic astrocytes might be affected by 
epidural polarization and peripheral conditioning stimulation. 
Those excited by low threshold skin and Group II muscle af-
ferents, constituting 11.29% of the total astrocyte population in 
Laminae III–V according to Xu et al. (2021), might in addition be 
located more ventrally. Different subpopulations of astrocytes 
might also be affected by glutamate and GABA. In addition, 
the variability of the effects of L-AAA may depend not only on 
space but also on the timing of our tests with respect to the be-
ginning of the administration of L-AAA. According to Khurgel 
et al. (1996), L-AAA causes ablation of astrocytes within the re-
gion of its injection within 48 h, although immunohistochemical 
changes occur within about an hour and functional effects of 
L-AAA in vivo were noted within 0.5–1 h (Chang et al. 1997; Xu 
et al. 2021).

Some of the requirements for GABA-mediated effects of pe-
ripherally stimulated afferents have already been satisfied. In 
particular, the study by Christensen et al. 2018) demonstrated 
that astrocytes may release GABA upon an increase in the 

concentration of glutamate released by afferent fibres, or by 
neurons excited by them. Astrocytes might have also contrib-
uted to the reported increase in fibre excitability in other ways, 
for example, by modulating the concentration of calcium in 
the extracellular space within the branching region of these fi-
bres at their entry to the spinal grey matter, as in the trigemi-
nal nucleus (Gaudel et al. 2024) or in the visual cortex (Ryczko 
et  al.  2021). Astrocytes constitute a highly non-homogeneous 
population (see, e.g., Khakh and Sofroniew  2015; Hanani and 
Verkhratsky 2021) so that their subpopulations in different re-
gions of the brain and the spinal cord could be involved in either 
different or similar ways. However, astrocytes could be affected 
by glutamate spilled at the site of their location, whether by 
Group II and/or skin afferents in the dorsal horn of the spinal 
cord or its other sources in the trigeminal nucleus or the visual 
cortex.

4.3   |   An Alternative to the Major Contribution 
of Astrocytes to the Increase in the Excitability 
of Afferent Fibres Following Stimulation of a 
Peripheral Nerve

Stimulation of peripheral afferents might evoke an increase 
in the excitability of epidurally stimulated afferent fibres via 
GABAergic interneurons as well as astrocytes. However, as the 
effects of PAD are short-lasting and do not exceed a fraction of 
a second, any longer-lasting effects of conditioning stimulation 
of peripheral afferents on either Group I or II muscle afferents 
would be difficult to attribute to GABAergic interneurons by 
themselves. Furthermore, the contribution of GABAergic inter-
neurons with input from Group II and skin afferent fibres would 
be in keeping with the origin of PAD of Group II muscle affer-
ents but not of Group I afferents (for references, see Rudomin 
and Schmidt 1999). GABAergic interneurons would thus not be 
likely to account for changes in the excitability of Group I affer-
ents by conditioning stimulation of Group II afferents.

The major contribution of GABAergic interneurons to the in-
crease in the excitability of Group II afferents might also be 
questionable in view of the opposite effects of Tib conditioning 
stimulation on the early (monosynaptic) and later (disynaptic) 
components of the dorsal horn field potentials evoked by epi-
dural stimulation (Figures  4 and 6). Both effects are evoked 
by Group II afferents, but the early components are increased, 
whereas the later components are decreased. If the increase 
were mediated by astrocytes and the decrease by GABAergic 
interneurons reflecting presynaptic inhibition and PAD evoked 
via axo-axonic contacts with Group II and skin afferents termi-
nating within the dorsal horn, the explanation would be fairly 
simple. It would also be in keeping with the differences in the 
effects of spinal injuries on GABA receptors on afferent fibres, 
which increase in parallel with the increased spinal excitabil-
ity, whereas the number of terminals of GAD2 interneurons re-
mains unchanged (Hari et al. 2022, 2024). If the source of GABA 
affecting afferent fibres was restricted to GABAergic interneu-
rons, distinct subpopulations of such interneurons would have 
to be postulated and the hypothetical interneurons affecting the 
excitability of the epidurally stimulated Group I but not presyn-
aptic inhibition of transmission from these afferents nor their 
PAD would have to be specified.
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Using molecular features of neurons expressing Slc32a1 (vesic-
ular GABA transporter, Vgat), Haring et al. (2018) identified 15 
distinct clusters of GABAergic neurons within the dorsal horn, 
postulating at least 15 GABAergic neuronal types in addition to 
any other populations located more ventrally. Several of these 
might contribute to the GABA-mediated modulation of fibre 
excitability. The distribution of some of these 15 clusters corre-
sponded to the distribution of GABAergic neurons in genetically 
modified mice in which PAD was evoked optogenetically, both 
in vivo and under conditions of acute experiments in vitro, and 
were reported to be activated via V3 neurons (Lin et al. 2023). 
At an apparently similar location in the medial part of lami-
nae V and VI of Rexed was also found inhibitory interneurons 
distinguished as RORbeta interneurons (Koch et al. 2017) and 
concluded to contribute to presynaptic inhibition via GAD2-
expressing terminals in contact with primary afferents. Which 
of PAD-mediating GABAergic interneurons might be involved 
in addition to or instead of the astrocytes in the reported mod-
ulation of fibre excitability is an open question. As reviewed 
by Rudomin and Schmidt  (1999), different subpopulations of 
GABAergic interneurons are likely to contribute to presynaptic 
inhibition and/or PAD of different categories of afferent fibres, 
in particular Group I on the one hand and Group II and cuta-
neous afferents on the other. GABAergic interneurons targeting 
Group I and II afferents should thus be excited by different sub-
populations of V3 interneurons and/or RORbeta interneurons, 
most likely located in the intermediate zone (with Group Ia and 
Ib input) or Laminae III and IV interneurons (with Group II 
and cutaneous monosynaptic input), respectively (see Riddell 
et  al.  1995). However, modulation of fibre excitability might 
also be mediated by GABAergic interneurons not involved in 
presynaptic inhibition or even by glutamatergic neurons with 
undefined patterns of input (Rudomin 2000; Russo et al. 2000; 
Lin et al. 2023). If some glutamatergic interneurons with Group 
II input evoke previously undisclosed depolarization of Group I 
afferent fibres (Lin et al. 2023), such hypothetical interneurons 
might also contribute to facilitatory effects of peripheral affer-
ents on Group I afferents together with those evoking PAD of 
Group II afferents. The reported modulation of the excitability of 
afferent fibres at the level of their entry to the spinal cord might 
thus be explained, by assuming joint actions of astrocytes and 
various combinations of spinal interneurons.

4.4   |   Some Functional Consequences

By modulating input from primary afferents, astrocytes may set 
up the level of excitability of spinal neuronal networks by nat-
ural stimuli as a part of feedback or feed-forward adjustments 
under different behavioural conditions. To comply with this, the 
population of astrocytes would need to be differentiated, and it 
has been repeatedly stressed that it is a highly heterogeneous 
population. In the context of the present study, it is of interest 
that only a subpopulation of astrocytes in the dorsal horn was 
found to be GABAergic (Christensen et al. 2018), that is, could 
directly modulate the excitability of afferent fibres entering the 
spinal grey matter. It is also relevant that astrocytes at differ-
ent locations may modulate neuronal excitability and synaptic 
transmission in different neuronal circuits (for references, see 
Xu et al. 2021). Astrocytes activated by Group II muscle affer-
ents should thus be among the Laminae III–IV subpopulation. 

Whether they belong to the GABAergic astrocytes and what are 
their spinal targets has not been specified.

It is also of importance that the postulated facilitatory actions 
of astrocytes activated by muscle stretches or by a sufficiently 
weak spinal stimulation would not be at variance with inhib-
itory actions of more dorsally located astrocytes depressing 
synaptic transmission in pain pathways from nociceptors. By 
activating different sub-populations of astrocytes, it should thus 
be possible to take advantage of their different modulatory ac-
tions to the benefit of the patients.

How the modulatory actions of astrocytes are combined with 
unspecific excitatory effects evoked via GABAergic interneu-
rons and more specific effects of PAD remains an open question.

Author Contributions

Urszula Sławińska: conceptualization, data curation, formal anal-
ysis, investigation, validation, visualization, writing – original draft, 
writing – review and editing. Ingela Hammar: conceptualization, 
data curation, funding acquisition, investigation, methodology, proj-
ect administration, resources, validation, writing – review and editing. 
Elzbieta Jankowska: conceptualization, data curation, formal analy-
sis, funding acquisition, investigation, resources, validation, visualiza-
tion, writing – original draft, writing – review and editing.

Acknowledgements

We wish to thank Drs D. Bennett and M. Bączyk for their helpful 
comments on the earlier versions of the manuscript. The study was 
supported by the Institute of Physiology and Neuroscience, Göteborg 
University (for I.H. and E.J.), The Royal Society of Arts and Sciences 
(Kungl. Vetenskaps och Vitterhets-Samhället KVVS) in Göteborg (for 
E.J.) and Nencki Institute of Experimental Biology (for U.S.).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The reported experimental data are available on request from the cor-
responding author.

Peer Review

The peer review history for this article is available at https://​www.​webof​
scien​ce.​com/​api/​gatew​ay/​wos/​peer-​review/​10.​1111/​ejn.​70057​.

References

Allen, N. J. 2014. “Astrocyte Regulation of Synaptic Behavior.” Annual 
Review of Cell and Developmental Biology 30: 439–463.

Bączyk, M., and E. Jankowska. 2018. “Long-Term Effects of Direct 
Current Are Reproduced by Intermittent Depolarization of Myelinated 
Nerve Fibers.” Journal of Neurophysiology 120: 1173–1185.

Bikson, M., A. Name, and A. Rahman. 2013. “Origins of Specificity 
During tDCS: Anatomical, Activity-Selective, and Input-Bias 
Mechanisms.” Frontiers in Human Neuroscience 7: 688.

Chang, Y. F., R. K. Cauley, J. D. Chang, and V. V. Rao. 1997. “L-Alpha-
Aminoadipate Inhibits Kynurenate Synthesis in Rat Brain Hippocampus 
and Tissue Culture.” Neurochemical Research 22: 825–829.

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ejn.70057
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ejn.70057


16 of 16 European Journal of Neuroscience, 2025

Christensen, R. K., R. Delgado-Lezama, R. E. Russo, et  al. 2018. 
“Spinal Dorsal Horn Astrocytes Release GABA in Response to Synaptic 
Activation.” Journal of Physiology 596: 4983–4994.

Edgley, S. A., and E. Jankowska. 1987a. “Field Potentials Generated by 
Group II Muscle Afferents in the Middle Lumbar Segments of the Cat 
Spinal Cord.” Journal of Physiology 385: 393–413.

Edgley, S. A., and E. Jankowska. 1987b. “An Interneuronal Relay for 
Group I and II Muscle Afferents in the Midlumbar Segments of the Cat 
Spinal Cord.” Journal of Physiology 389: 647–674.

Fellin, T. 2009. “Communication Between Neurons and Astrocytes: 
Relevance to the Modulation of Synaptic and Network Activity.” Journal 
of Neurochemistry 108: 533–544.

Gaudel, F., J. Giraud, P. Morquette, M. Couillard-Larocque, D. Verdier 
and A Kolta. 2024. “Astrocyte-Induced Firing in Primary Afferent 
axons.” bioRxiv preprint. https://​doi.​org/​10.​1101/​2024.​06.​07.​597942.

Gradwell, M. A., N. Ozeri-Engelhard, J. T. Eisdorfer, et  al. 2024. 
“Multimodal Sensory Control of Motor Performance by Glycinergic 
Interneurons of the Mouse Spinal Cord Deep Dorsal Horn.” Neuron 112: 
1302–1327.

Hammar, I., and E. Jankowska. 2024. “Modulation of Sensory Input 
to the Spinal Cord: Contribution of Focal Epidural Polarization and of 
GABA Released by Interneurons and Glial Cells.” European Journal of 
Neuroscience 60: 5019–5039.

Hanani, M., and A. Verkhratsky. 2021. “Satellite Glial Cells and 
Astrocytes, a Comparative Review.” Eurochem research 46: 2525–2537.

Hari, K., A. M. Lucas-Osma, K. Metz, et  al. 2022. “GABA Facilitates 
Spike Propagation Through Branch Points of Sensory Axons in the 
Spinal Cord.” Nature Neuroscience 25: 1288–1299.

Hari, K., A. M. Lucas-Osma, H. Zhang, N. De Silva, K. K. Fenrich, and 
D. J. Bennett. 2024. “GABA Receptors at Nodes of Ranvier Facilitate 
Sensory Perception and Movement.” Abstracts Society for Neuroscience 
399, no. 4: D41.

Haring, M., A. Zeisel, H. Hochgerner, et  al. 2018. “Neuronal Atlas of 
the Dorsal Horn Defines Its Architecture and Links Sensory Input to 
Transcriptional Cell Types.” Nature Neuroscience 21: 869–880.

Henneman, E. 1957. “Relation Between Size of Neurons and Their 
Susceptibility to Discharge.” Science 126: 1345–1347.

Holsheimer, J. 2002. “Which Neuronal Elements Are Activated Directly 
by Spinal Cord Stimulation.” Neuromodulation 5: 25–31.

Holsheimer, J., and J. R. Buitenweg. 2015. “Review: Bioelectrical 
Mechanisms in Spinal Cord Stimulation.” Neuromodulation 18: 161–170.

Hongo, T., S. Kitazawa, Y. Ohki, M. Sasaki, and M. C. Xi. 1989. “A 
Physiological and Morphological Study of Premotor Interneurones in 
the Cutaneous Reflex Pathways in Cats.” Brain Research 505: 163–166.

Ishizuka, N., H. Mannen, T. Hongo, and S. Sasaki. 1979. “Trajectory 
of Group Ia Afferent Fibers Stained With Horseradish Peroxidase 
in the Lumbosacral Spinal Cord of the Cat: Three Dimensional 
Reconstructions From Serial Sections.” Journal of Comparative 
Neurology 186: 189–211.

Jackson, M. P., M. Bikson, D. Liebetanz, and M. Nitsche. 2017. “How to 
Consider Animal Data in tDCS Safety Standards.” Brain Stimulation 10: 
1141–1142.

Jankowska, E., and I. Hammar. 2021. “The Plasticity of Nerve Fibers: 
The Prolonged Effects of Polarization of Afferent Fibers.” Journal of 
Neurophysiology 126: 1568–1591.

Jankowska, E., I. Hammar, L. Djouhri, C. Heden, Z. Szabo Lackberg, 
and X. K. Yin. 1997. “Modulation of Responses of Four Types of Feline 
Ascending Tract Neurons by Serotonin and Noradrenaline.” European 
Journal of Neuroscience 9: 1375–1387.

Jankowska, E., D. Kaczmarek, F. Bolzoni, and I. Hammar. 2017. “Long-
Lasting Increase in Axonal Excitability After Epidurally Applied DC.” 
Journal of Neurophysiology 118: 1210–1220.

Jankowska, E., D. Kaczmarek, and I. Hammar. 2022. “Long-Term 
Modulation of the Axonal Refractory Period.” European Journal of 
Neuroscience 56: 4983–4999.

Khakh, B. S., and M. V. Sofroniew. 2015. “Diversity of Astrocyte 
Functions and Phenotypes in Neural Circuits.” Nature Neuroscience 18: 
942–952.

Khurgel, M., A. C. Koo, and G. O. Ivy. 1996. “Selective Ablation of 
Astrocytes by Intracerebral Injections of Alpha-Aminoadipate.” Glia 
16: 351–358.

Koch, S. C., D. Acton, and M. Goulding. 2018. “Spinal Circuits for 
Touch, Pain, and Itch.” Annual Review of Physiology 80: 189–217.

Koch, S. C., M. G. Del Barrio, A. Dalet, et  al. 2017. “RORbeta Spinal 
Interneurons Gate Sensory Transmission During Locomotion to Secure 
a Fluid Walking Gait.” Neuron 96: 1419–1431.

Li, Y., K. Hari, A. M. Lucas-Osma, et  al. 2020. “Branching Points 
of Primary Afferent Fibers Are Vital for the Modulation of Fiber 
Excitability by Epidural DC Polarization and by GABA in the Rat Spinal 
Cord.” Journal of Neurophysiology 124: 49–62.

Lin, S., K. Hari, S. Black, et al. 2023. “Locomotor-Related Propriospinal 
V3 Neurons Produce Primary Afferent Depolarization and Modulate 
Sensory Transmission to Motoneurons.” Journal of Neurophysiology 
130: 799–823.

Lucas-Osma, A. M., Y. Li, S. Lin, et  al. 2018. “Extrasynaptic Alpha 
5 GABAA Receptors on Proprioceptive Afferents Produce a Tonic 
Depolarization That Modulates Sodium Channel Function in the Rat 
Spinal Cord.” Journal of Neurophysiology 120: 2953–2974.

Metz, K., I. C. Matos, Y. Li, et  al. 2023. “Facilitation of Sensory 
Transmission to Motoneurons During Cortical or Sensory-Evoked 
Primary Afferent Depolarization (PAD) in Humans.” Journal of 
Physiology 601: 1897–1924.

Riddell, J. S., and M. Hadian. 1998. “Topographical Organization of 
Group II Afferent Input in the Rat Spinal Cord.” Journal of Comparative 
Neurology 394: 357–373.

Riddell, J. S., and M. Hadian. 2000. “Interneurones in Pathways From 
Group II Muscle Afferents in the Lower-Lumbar Segments of the Feline 
Spinal Cord.” Journal of Physiology 522: 109–123.

Riddell, J. S., E. Jankowska, and J. Huber. 1995. “Organization of 
Neuronal Systems Mediating Presynaptic Inhibition of Group II Muscle 
Afferents in the Cat.” Journal of Physiology 483: 443–460.

Rudomin, P. 2000. “Primary Afferent Depolarization Produced in 
Adelta and C Fibres by Glutamate Spillover? New Ways to Look at Old 
Things.” Journal of Physiology 528, no. 1: 1.

Rudomin, P., and R. F. Schmidt. 1999. “Presynaptic Inhibition in the 
Vertebrate Spinal Cord Revisited.” Experimental Brain Research 129: 
1–37.

Russo, R. E., R. Delgado-Lezama, and J. Hounsgaard. 2000. “Dorsal 
Root Potential Produced by a TTX-Insensitive Micro-Circuitry in the 
Turtle Spinal Cord.” Journal of Physiology (London) 528: 115–122.

Ryczko, D., M. Hanini-Daoud, S. Condamine, et  al. 2021. “S100beta-
Mediated Astroglial Control of Firing and Input Processing in Layer 5 
Pyramidal Neurons of the Mouse Visual Cortex.” Journal of Physiology 
599: 677–707.

Schouenborg, J. 2002. “Modular Organisation and Spinal Somatosensory 
Imprinting.” Brain Research. Brain Research Reviews 40: 80–91.

Xu, Q., N. C. Ford, S. He, et  al. 2021. “Astrocytes Contribute to Pain 
Gating in the Spinal Cord.” Science Advances 7: 6287.

https://doi.org/10.1101/2024.06.07.597942

	Modulation of Sensory Input to the Spinal Cord by Peripheral Afferent Fibres via GABAergic Astrocytes
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Design of the Experiments
	2.2   |   Preparation
	2.3   |   Stimulation and Epidural Polarization
	2.4   |   Recording
	2.5   |   Drug Application
	2.6   |   Analysis

	3   |   Results
	3.1   |   Comparing Changes in the Excitability of Group I and II Muscle Afferent Fibres at Their Entry to the Spinal Cord Following Conditioning Stimulation of Peripheral Afferents
	3.2   |   Effects of the Astrocyte Toxin L-AAA on Changes in the Excitability of Group I and II Muscle Afferent Fibres at Their Entry to the Spinal Cord Evoked by Peripheral Conditioning Stimulation
	3.3   |   Effects of Gabazine on Changes in the Excitability of Group I and II Muscle Afferent Fibres at Their Entry to the Spinal Cord Evoked by Peripheral Conditioning Stimulation
	3.4   |   How Long-Lasting Are the Facilitatory Effects of Stimulation of Group II Afferent Fibres?
	3.5   |   Presynaptic Inhibition of Field Potentials Evoked by Group II Muscle Afferents in Preparations Treated With Astrocyte Toxin L-AAA and Gabazine

	4   |   Discussion
	4.1   |   Comparison of Effects of Conditioning Stimulation of a Peripheral Nerve on the Excitability of Group I and II Muscle Afferents
	4.2   |   Contribution of Astrocytes to the Increase in the Excitability of Afferent Fibres Following Stimulation of a Peripheral Nerve
	4.3   |   An Alternative to the Major Contribution of Astrocytes to the Increase in the Excitability of Afferent Fibres Following Stimulation of a Peripheral Nerve
	4.4   |   Some Functional Consequences

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References


