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PHYSIOLOGY
Serotonin Modulates Differently the Functional Properties
of Damaged and Intact Motoneurons in the Frog Spinal Cord
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Abstract—When studying a preparation of the isolated spinal cord segment of an adult frog, damaged and
intact lumbar motoneurons were found to differ significantly in the membrane potential, input resistance and
the action potential properties (amplitude, duration, fast and medium phases of the afterhyperpolarization,
and the frequency of spikes). Serotonin (5-HT) reduced the amplitude of afterpolarization and increased the
frequency of the spikes of the intact neurons, while in the damaged motoneurons, 5-HT increased the ampli-
tude of afterpolarization and had no effect on the frequency of discharges.
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The role of serotonin in the motor function recov-
ery after the spinal cord injury is currently confirmed
by increasingly much evidence [1, 2]. In healthy brain,
serotonergic fibers descending from the nuclei raphe
make direct contacts with motoneurons [3, 4]. In
brain injuries, serotonin delivery to the spinal cord
motor nuclei is disrupted, and dendrites of both
motorneurons and premotor interneurons are dam-
aged [5, 6]. At the same time, the bulk of synapses,
including those modulated by serotonin, is located on
these neurons. Dendrite damage may or may not lead
to motoneuron death, but the functional properties of
motoneurons may be affected. These changes are
important to know and take into account in develop-
ing proper treatment of the spinal cord injuries.

We aimed at comparing the electrophysiological
properties of the damaged and intact motoneurons
and at studying the modulating effect of serotonin on
them.

Studying the electrophysiological properties of the
spinal cord motoneurons remains a challenging task
because of low viability of the spinal-cord thin sections
of adult mammals [5, 6]. In this study, we used an iso-
lated preparation of the spinal cord lumbar segment of
an adult frog (Rana ridibunda). The preparation tech-
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nique has been earlier described in detail [7, 8]. Frog
spinal cord preparations have some advantages over
those obtained from mammals. First, the frog spinal
neurons are less prone to cell death at hypoxia. Sec-
ond, the damaged and intact motoneurons can be
readily and distinctly obtained in the same preparation
owing to specific morphology of these cells. The lum-
bar motoneuron is the largest cell of the frog spinal
cord. It has an extremely branched dendrite tree with
dendrites extending in the rostro-caudal direction over
a distance of up to 2 mm [9]. In our experiments, we
used frontal 2- to 3-mm-thick slices (Fig. 1). At this
thickness, mainly intact neurons remain in the middle
of a slice.

A solution of the following composition was used
for perfusion (mM): NaCl, 100; KCl, 2; MgCl2, 0.5;
glucose, 5.5; CaCl2, 1.5; NaHCO3, 9; Tris-HCl buffer,
2; рН 7.4–7.6, aerated with a gas mixture (98% О2 and
2% СО2). It had a temperature of 16–18°С. Serotonin
(10 μM) and tetrodotoxin (TTX, 1 μM), which blocks
sodium channels, were added into the perfusion solu-
tion.

Intracellular potentials were measured with sharp
glass microelectrodes having a tip diameter of 1–1.5 μm
and resistance of 10–20 MΩ; they were filled with a
KCl solution (3 М). The potentials were recorded
using a differential microelectrode amplifier, digitized
at a frequency of 10–20 kHz using ADC NIUSB-6211
(National Instruments, United States) and the Win-
WCP computer software (Strathclyde Electrophysiol-
ogy Software, United Kingdom). Motoneurons were
identified by the antidromic action potential (AP)
arising in response to the ventral root stimulation.

In statistical analysis and plotting, SigmaPlot 11.0
and MS Excel software were used. Significant differ-
ences between the motoneuron groups were assessed
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Fig. 1. Scheme of the experiment. The isolated spinal-cord lumbar segment of the Rana ridibunda frog (a frontal 2- to 3-mm-
thick section); IM, intact motoneuron located at a depth of 300–1200 μm from the rostral surface of the slice; DM, damaged
motoneuron with partially cut-off dendrites that is located at a depth of down to 300 μm.
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Fig. 2. Examples of the antidromic field potential recorded in locations of motoneurons with partially damaged (top) and intact
(bottom) structure. Figures indicate the depth of microelectrode immersion from the rostral surface of a 2-mm-thick slice. Indi-
vidual ranges are shown in gray; averaging of 30 ranges, in black. 
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using unpaired Student’s t test; the 5-HT effect was
measured using the paired t test.

To determine the area of damaged motoneurons
within a 2-mm-thick brain slice, the antidromic field
potential caused by the ventral root stimulation was
measured during the mcroelectrode vertical move-
ment down from the rostral surface and along the
motoneuron column with a step of 100 μm (Fig. 2).
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Fig. 3. The effect of 5-HT on fAHP and mAHP of the antidromic AP within (a) intact and (b) damaged motoneurons. Control
(black color) and 5-HT applications at doses of 5 and 10 μM (light gray and dark gray color, respectively). (b) Diagrams that illus-
trate a significant decrease of both АНР phases after 5-HT application within IM (n = 8) and their increase within DM (n = 6),
M ± m. * p < 0.05, ** p < 0.01.
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Both the amplitude and the area of the antidromic
field potential were found to be significantly less in the
rostral and caudal parts (0–300 and 1700–2000 μm,
respectively) than in the middle of a slice (400–
1600 μm), because the motoneuron dendrites were
cut-off in the rostral/caudal layers. The average areas
under the curves of the antidromic field potentials
were 0.26 ± 0.10 (hereinafter, M ± m, n = 5) and 0.5 ±
0.2 mV ms in the surface and depth of a slice, respec-
tively (p < 0.05).

Based on this observation, we divided all of the
motoneurons studied into two groups: intact moto-
neurons (IM), whose soma was located at a depth of
300–1200 μm (n = 13), and damaged motoneurons
(DM) located at a depth of down to 300 μm from the
slice surface (n = 7). The resting potential of IM was
lower than that of DM (–67.2 ± 1.6 mV and –55.0 ±
1.4 mV, respectively; p < 0.01). The IM input resis-
tance was 7.3 ± 0.7 MΩ, while that of DM was
2.5 times higher (17.1 ± 2.5 MΩ, p < 0.01), because
many dendrites were cut off during manipulations,
and, hence, the membrane surface area of DM was
smaller. The highest antidromic spike amplitude mea-
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sured from the resting potential to peak, was 60 ± 3 mV
for DM and 25% higher for IM (75.1 ± 1.9 mV, p <
0.01). The fast and medium afterhyperpolarization
phases (fAHP and mAHP) were higher in IM (–12.9 ±
1.2 mV and –3.0 ± 0.2 mV,), than in DM (–8.4 ±
0.8 mV and –0.8 ± 0.1 mV, respectively, p < 0.05). The
half-widths of AP values (0.8 ± 0.3 ms in IM and 1.6 ±
0.1 ms in DM) also differed significantly (p < 0.05).

Eight IM and six DM were examined to study the
effect of 5-НТ (10 μM). 5-НТ added into the perfusion
solution caused a slight depolarization for 3–5 min (by
3.4 ± 0.5 mV in IM and 2.0 ± 0.3 mV in DM), which
retained under TTX blocking of spike activity. The
antidromic AP amplitude and half-width remained
almost unchanged under the effect of 5-НТ in both
IM and DM. In contrast, a significant and differently
directed 5-НТ effect on afterhyperpollarization was
observed in both IM and DM. In IM, 5-НТ reduced
the fAHP amplitude by 33% from –12.9 ± 1.2 mV to
–8.6 ± 1.5 mV (p < 0.05), while the mAHP amplitude
was reduced by 43% from –3.0 ± 0.2 mV to –1.7 ±
0.5 mV (p < 0.05, Fig. 3a). In DM, 5-HT addition
increased fАНР amplitude one and a half times from
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Fig. 4. The effect of 5-НТ on the number of antidromic APs within IM and the absence of 5-НТ influence within DM. Calibra-
tion push, 50 mV, 1 ms. Overlay of six ranges. Control (upper records); 5-HT application (bottom records). 
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–8.4 ± 0.8 mV to –12.3 ± 1.1 mV (p < 0.01), while
mAHP amplitude increased by 62% from –0.8 ±
0.1 mV to –1.3 ± 0.2 mV (p < 0.05, Fig. 3b). The nearer
were DM to the rostral surface of a slice, the larger was
fAHP increase caused by 5-НТ, i.e., this parameter
depended on the degree of cell dendrite damage.

Since changes in AHP have an effect on the spike
frequency [10], we have determined how the number
of antidromic AP caused by a single stimulation of the
ventral root varies after 5-НТ addition to the perfusion
solution. 5-HT increased the number of spikes
recorded for 1 s from 2.1 ± 0.5 to 8.2 ± 0.4 in IM, while
in DM the number of spikes remained unchanged
(Fig. 4).

Thus, the results of our study suggest that moto-
neuron properties and the effect of neuromodulators
on them, such as 5-HT, in particular, may be drasti-
cally changed after injuries. In IM, 5-НТ reduced
mAHP, which has been demonstrated on various ani-
mal species: guinea pig, mice, turtles [10, 11, 13].
mAHP phase depends on activity of the apamin-sen-

sitive Са2+-dependent K+ channels [10, 14]. A
decrease in mAHP reduces the spike accommodation,
and the motoneuron is discharged longer and with a
higher frequency [12]. Thus, the settings of motoneu-
ron output depend on mAHP modulation [13]. Of
interest is that 5-НТ had the opposite effect on DM.
The fAHP and mAHP amplitudes increased, while
the frequency of discharges did not. Perhaps, weaken-
ing of DM activity prevents their death.

The specific molecular mechanisms involved in
this DM response remain unclear. No evidence is
available on the effect of 5-НТ on DM; therefore, fur-
ther experiments are required.

Differences in AP parameters of the intact and par-
tially damaged motoneurons, which were shown on
thin slices, should be taken into account because of
possible damage of the big branched cells.
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