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Patch clamp studies of motor neurons in spinal cord slices: a tool
for high-resolution analysis of drug actions
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ABSTRACYT

AIM.: To develop a ool for detailed analysis of spinally
acting anesthetic and analgesic agents. METHODS;
Studies were done on visually jdentified motor neurons in
400 pm thick spinal cord slices from 14 — 23 d old rats
using paich clamp techniques. Ethanol was used as a
prototype general anesthetic agent. RESULTS: Cel!
bodies in the ventrolateral hom identified as motor neu-
rons by retrograde fluorescent labeling had a mean dimen-
sion of 32+ 5 um (¥ £ 5, n=25). Mean resting po-
tential was — 62.8 £ 2. 4 mV; input resistance was
44+24 MO (n =19). Threshold was —44% 7 mV,
and action potential amplitude 101 + 9 mV from baseline.
Ethanol concentrations at and below 50-~200 mmol/L
decreased motor neuron excitability to the injected cur-
rent; there was no effect on resting potential, but a vari-
able reversible increase in input resistance. Ethanol re-
versibly depressed the excitatory postsynaptic potential,
with a dose-response relationship similar to that previously
observed for the population excitatory postsynaptic poten-
tial in intact spinal cord in vitro. Ethanol also reversibly
depressed currents evoked by glutamate, reducing total
charge transfer to 40 % £26 % of control (X +5; n=
4). CONCLUSION; Reduction of connectivity in this
relatively thick slice preparation does not significantly
modify drug actions. The actions of ethanol on excitato-
ry synaplic transmission observed in intact spinal cord are
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in part due to postsynaptic effects on motor neurons.

INTRODUCTION

Many therapeutically important drugs affecting the
ceniral nervous system exert their effects in part by ac-
tions on the spinal cord. These include opioid and other
analgesic agents and inhaled general anesthetic agents.
In addition to its intoxicating properties, ethanol can act
as a general anesthetic agent, preventing movement in re-
sponse to a noxious stimulust™'?) . Prevention of nocifen-
sive movement is the most common endpoint for compar-
ing potencies among volatile anesthetic agents. For such
agents the anesthetic concentration at this endpoint is the
Minimum Alveolar Anesthetic Concentration { MAC),
which just prevenis movement in response 10 & noxious
stimulus'®’ . MAC is determined by anesthetic actions in
the spinal cord*~% . Thus actions on spinal cord are di-
rectly relevant to general anesthesia,

In previous in vitro studies using neonatal rat spinal
cord preparation, we have shown that ethanol depresses
ventral root potentials evoked by dorsal root stimulation,
at concentrations corresponding to anesthetic levels ),
The responses depressed by ethanol include the monosy-
naptic reflex and its underlying population excitatory post-
synaptic potential ( pEPSP).  Studies on population
evoked responses in the intact in vitro spinal cord cannot
discriminate between presynaptic inhibition of transmitter
release and postsynaptic actions on motor neurons. The
present studies employed patch clamp recording from vi-
sually identified motor neurons in spinal cord slices to ex-
amine the actions of ethanol with greater resolution than is
possible in an intact cord. In addition, since this study
is the first from our laboratory on this preparation and
employs thicker slices from more mature animals than
those from other laboratories, we present the anatomical
and physiological characteristics of the motor neuron pop-
ulation.
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MATERIALS AND METHODS

Experiments were carried out in spinal cord slices
from Sprague-Dawley rats 14 — 23 d of age; most were in
the range of 14 — 20 d. In a protocol approved by
Stanford’s panel on laboratory animal care and use, the
animals were anesthetized with halothane, decapitated,
and spinal cords quickly removed and placed in a protec-
tive chilled oxygenated calcium-free low sodium artificial
cerebrospinal fluid { ACSF). The ACSF was composed
as follows (mmol/L). KCl 5, MgSQy 2, NaHCO, 26,
NaH,PO, 1.25, d-glucose 10, sucrose 252. Slices 400
pm thick were prepared as previously described!™ .
Briefly, slices were sectioned from the lumbar region on
a Vibratome® , and removed to an oxygenated ACSF of
the following composition {mmol/L): NaCl 123, KCI
4, NaH,PO, 1.2, MgSO, 1.3, NaHCO, 26, d-glucose
10, CaCl, 2. In this solution the slices were allowed to
recover at room temperature for 0.5 —1 h. Individuat
slices were transferred to a chamber on the stage of a mi-
croscope constantly superfused with oxygenated ACSF of
the same composition as the recovery solution. All ex-
periments were carried out at ronm temperature.,

Cell bodies beneath the cut surface of the slice were
viewed on a closed circuit TV monitor using infrared illu-
mination and a 40 x water immersion objective. In pre-
liminary studies the large cell bodies in the ventral homn,
most commonly seen in the ventrolateral area, were iden-
tified as motor neurons by fluorescent labeling with Evang
blue dye injected into the hind limb of the rat the day be-
fore sacrifice (Fig 1 C, D). Once this identity was es-
tablished fluorescent labeling was not used in the physio-
logical and pharmacological studies because of concemns
that the dye might alter glutamate receptor properties'™’

Patch pipettes were pulled on a Flaming-Brown
pipette puller (Sutter Instruments) and filled with a solu-
tion of the following composition (mmol/L}: NaCl 15,
potassium gluconate 110, HEPES 10, MgCl, 2, egtazic
acid 11, CaCl, 1, MgATP 2, pH adjusted with KOH to
7.3. Pipettes typically had a tip resistance of 3 -5 M{1.
The patch pipette was directed towards 2 molor neuron
cell body under visual control. Following establishment
of a Gigohm seal the patch was ruptured by brief negative
pressure and subsequent measurements were made in the
whole cell rupured patch configuration in either current
clamp or voltage clamp mode using an Axopaich 1D
paich clamp amplifier ( Axon Instruments}. Excitatory
postsynaptic potentials (EPSPs) were evoked by electrical

stimulation of the dorsal root fragment via a concentric
bipolar platinum electrode with tip diameter 0. 025 mm
(Frederick Haer & Co), using square wave stimuli 0.1
ms in duration, 1 — 20 V nominal intensity, frequency
0.03—0.1s """ EPSPs were averaged in groups of
5-15. Responses were also evoked by direct applica-
tion of glutamate (100 mmol/L.) from a pipette close to
the cell body at intervals of 3 min. Glutamate-evoked
responses were not averaged.  Ethanol was obtained from
commercial sources {Gold Seal Chemical Co, Hayward,
CA) as a 95 % compound and diluted into the ACSF to
the desired concentration.

Ethanol from another source {Grain Processing Cor-
poration, Muscatine, [A) was used in a few experiments
and gave similar results. Ethanol was applied by super-
fusion in the bath by gravity feed from a container similar
lo that containing the control ACSF. Superfusion rates
were maintained constant between control and alcohol-
containing solutions, and sham experiments, in which
both containers held control solutions, indicated that
switching from one to the other contaimer had no effect.

A commercially available software package
(pClamp, Axon Instruments) was used to acquire data.
Results were digitally stored and analyzed off-line. Input
membrane resistance was calculated as the slope of the
currenl/ voltage relationship obtained by linear regression.
Results were obtzined from a single cell in each slice.
Electrophysiological properties and response measurements
were averaged across cells and expressed as x & 5.

RESULTS

Stability of recordings  Cells were routinely
held for periods of 1 1o 2 h after rupturing the patch.  All
cells used in the study displayed stable responses to a con-
stant stimulus intensity applied to the dorsal root ovet a 10
min control period. During this period there were no
significant changes in input resistance, resting potential in
current clamp mode, or holding current in voltage clamp
mode.

Motor neuron properties Fig 1 shows cells in
the ventrolateral hom of spinal cord slices. Fig 1 A and
B show the same large cell body in the ventral hom be-
fore (A) and after (B) formation of a high resistance seal
to the paich pipette. Fig I C and D show a large cell
body visualized by infrared illumination (C} and by fluo-
rescence (D). The animal from which this slice was
prepared had received 50 pL injections of Evans Blue dye
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Fig 1.

Motwr peurons io spinal cord slice. A, B, a large cell body in the ventrelateral region of the ventral hom,

viewed by infrared illumination at a depth of 30— 50 pm beneath the cut surface of the slice. Magnification 400, cali-
bration bar H} pm. A patch pipette electode is seem approaching the cell in A; B shows the cell after a high resis-
tanre seal has been formed and the patch ruptured,  C and D show a slice from an animal that recelved an njection of
Evans blue dye into the gastrornemius muscle the day before, viewed by infrared illomination (C)] and fluorescence
opdcs (D). Fluorescence appears in the some region as the visible cell body in C, confimming that this is a motor
neuron cell body.  Anather region of fluorescence i3 seen in A cell body outside of the plane of focus of the infrared

image.

in the gastrocnemius muscles of both hind limbs on the
day preceding sacrifice. Fluorescence coinciding with
the infrared image reveals the cell to be a retrogradely la-
beled motor peuron. A sample of 25 cells was idennfied
as motor newrons by Muorescent labeling,  The cell bod-
ies in this sample had the following measurements: Diam-
eter 10 the longest dimension ranged from 2846 to 5201
pm, with a mean of 41.04 wm and standand deviation
(SD} 6.20. In the shortest dimension the range was
12.% 10 3916 m, with a mean of 23, 54 + 6. 66,
Mean dimension [ short + lomg) /2 tanged from 24. 32
w44 33 e, mean 32 £ 5. With respect to electrical
properties, a sample of 19 cells smdied in current clamp
mode had resting potentials of —62. 812 4 mV,  Mini-
mum resting potential ( abwolute) was — 59 mV, maxi-
murm — 67 mY, Mean input resistance was 41 + 24
M}, with a range from 11 to 101 M. Threshold o
impulse initiation in response (o current injection was
-4+ 7 mV, ranged from — 28 o — 56, and action
potential amplitode measured as difference [rom resting

potential 101 +9 mV, ranged from 80 1o 115 mV.

Responses evoked to dorsal root stimulation

In correnl clamp mode, electrical stimulation in the
dorsal rool entry area gave ose to a shon-latency depolar-
ization whose amplide and duration increased with in-
f:reasing stinmlus intensity.  An example is shown in
Fig 2A. At the higher stimulus intensities, the depolar-
ization was sufficient to elicit action potentials (Fig 2A) .
The response was abolished in ACSF with low (0, 2
mmol/L} calcium and high (6.3 mmol/L)} magnesium,
indicating it was entirely synaptic in origin {Fig 2B) .

In voltage clamp mode stimolation in the dorsal ool
entry region elicited an inward currenl whose magnitude
was dependent on stimulus intensity and holding poten-
tiall. An example is shown in Fig 3 A and B, with the
voltage /curent relationship of the same cell shown in Fig
3C,  Reversal polential was not established for this cur-
rent { Fig 3C) because at depolarized holding potentials an
mwand action potential cumrent was superimposed on it
{Fig 3B).
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Fig 2. Excitatory postsypaptic potentials (EPSPs) evoked
by dorsal réot stimulation from a motor neuron in current
clamp mode. A, records from a motor neuron in a slice
taken from a 15-d-old animal; this cell had a resting po-
tential of - 63 mV. A stimulus was given to the dorsal
root at the time indicated by the arrow, at increasing in-
tensities in successive traces from bottom to top. T,
threshold; additional stinmli are multiples of threshold in-
tensity as indicated. The stimulus evoked an upward ( de-
polarizing) deflection. At higher intensities the waveform
became longer and more complex, and action potentials
were superimposed on it. Records are averages of 5 re-
sponses. B, records from a different cell in a slice from a
14-d-old animal, resting potential — 67 mV. The depolar-
izing response to electrical stimulation was reversibly abol-
ished by perfusion with ACSF in which the calcium con-
centration was decreased to 0.2 mmol/L and magnesium
concentration increased to 6.3 mmol/L. This is an evi-
dence for a synaptic origin. Records are averages of 6 re-
sponses.

~100 -850 -80 -70

Holding potential/mV

Fig 3. Inward currents evoked by dorsal root stimula-
tion in voltage clamp mode from a motor neuron in a
slice taken from a 22-d-old rat. A, responses to in-
creasing stimulus intensity {arrow) at threshold {T)
and multiples of threshold intensity (2> , 3 x ); holding
potential was — 70 mV. B, holding potential in the
samne cell as shown in A was varied as indicated. Re-
sponse amplitude increased with hyperpolarization. At
—60 mV the inward current was overridden by an ac-
tion current (asterisk)., Under these conditions rever-
sal potential of the inward current could not be estab-
lished. Records in both A and B are averages of 6 re-
sponses. C, voltage-current relation from a single cell,
the same cell as shown in A and B, with peak current
amplitude as the measured variable.

Glutamate-evoked currents Glutamate applied
by brief pressure pulses to a pipette located close o the
cell body evoked inward curreats whose amplitude and
duration increased with pulse duration. An example is
shown in Fig 4A. Membrane conductance increased dur-
ing the current. The inward current varied with holding
potential (Fig 4B). Fig 4C shows the current/voltage
relationship for the cell shown in Fig 4B. The current
was near zero at a holding potential of + 30 mV, the
most positive potential that could be achieved without
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rapid deterioration of the cell. Thus reversal potential
could not be exactly determined, but the regression line
of the voltage-current relationship suggests a reversal po-
tential of approximately + 25 mV.
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Fig 4. Glutamate-evoked imward currents in motor neu-
Glutamate was applied at the time indicated by the

rons.

arrows from a pipette containing glutamate 100 nmmol/L,
using a pressure pulse of 200 kPa for the durations indi-
cated. Records are single traces {not averaged) from a
cell in a slice taken from an 18-d-old animal. A, increas-
ing duration of pressure to the glutamate pipette evoked
progressively larger inward currents. Brief downward
square hyperpolarizing voltage steps as shown in the pro-
tocol at the top of the figure were used to monitor changes
in membrane conductance; conductance inereased during
the inward current. These records were made in the
presence of TTX (300 mmol/L). B, inward currents
evoked by glutamate varied with holding potential and
were nearly abolished at + 30 mV. No TTX was present
when these records were made. In the absence of TTX
brief long-latency current fluctuations superimposed on
the large inward current reflected transmitter release from
glutamate-activated interneurons. Records are single re-
sponses to glutamate applications at 3 min intervals. C,
voltage/current relation from a single cell, the same cell
as shown in B.

Effects of ethanol on intrinsic neuronal prop-
erties Ethanol (50 - 200 mmol/L) had no significant
or consistent effects on resting potential. In 5 out of 6
cells exposed to curnulative increases in ethanol from 25
— 200 mmol/L input resistance increased to a variable
extent, and the increase was at least partly reversible on
washing. An example is shown in Fig 5 A and B.
Threshold also reversibly increased with increasing ethanol
concentrations (Fig 5C). Number of impulses decreased
both for a given level of current (Fig 5D) or membrane
potential (Fig SE). Number of impulses rebounded to a
level above control on a washout. There were also
changes in the shape of the action potential, most notably
a decrease in afterhyperpolarization (Fig 5A). Since the
absolute values of threshold and number of impulses vary
among cells, it was not useful to aitempt to average the
ethanol-induced changes in these intrinsic properties for a
sample of 6 cells.

Ethanol sensitivity of the EPSP  [n prepara-
tion of the spinal cord slice considerable connectivity is
lost, particularly in the anteroposterior direction but also
in the same-segment connections that lie outside the plane
of the slice. The ability to examine the intact isolated
spinal cord and to compare it to spinal cord shice offers
the unique possibility of testing whether the drug sensitiv-
ity is altered in the more highly dissected preparation.
Excitatory postsynaptic potentials were evoked by dorsal
oot stimulation in 6 cells from different slices. Cumula-
tive dose-response curves to ethanol were constructed and
compared 10 the dose-response curve of the population
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Fig5. Effects of ethanol on inirinsic neuronal properties. A, in current clamp mode depolarizing current injections
weregivenasshuwninthepmtoeo]atthetopofﬂ:eﬁgme,evokingasm'i&cofhpulsﬂsinthece]]. Ethanol reversibly
decmasedthenmnberofhnptﬂsesandredueedtheaherhyperpolarimﬁon;ﬂmwasanaccompanyinginmeaseinnm-
brane resistance. This cell was treated with ethanol at increasing concentrations for 15 min each to create a cumulative
dose-response curve, B shows the reversible increase in input resistance. C, in the same cell ethanol reversibly in-
creased the threshold to first impulse initdation. D, E, at 100 manol/L ethanol reversibly decreased the number of im-
pv.dsesevokedbyagivenanmmtofinjecmdwrmt(moratagivenlevelofdepolarimﬁon(EJ. There was an over-
shoot on wash. Graphs B-D are from a single cell, the same cell as shown in A.
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EPSP in intact cord taken from our previous studies !’ .
Linear regression analysis showed that the curves were not
different from each other (Fig 6) .
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Fig 6. Comparison between sensitivity of the EPSP to
ethanol in intact isolated spinal cord and in spinal cord
slices. Results in whole cord are means of 4 - 7 indi-
vidual preparations each exposed to a single ethanol
concentration, and are taken from a previous publica-
tion""),  Results for spinal cord slices are cumulative
dose-response curves from 6 motor neurons, each in a
different slice. Error bars are SEM. The additional
dissection and loss of anteroposterior connections in the
slice preparation did not significantly alter sensitivity to
ethanol.

Actions of ethanol on glutamate-evoked cur-
rents In the presence of tetrodotoxin (300 amol/L},
ethanol 100 mmol/L reversibly decreased glutamate-
evoked currents (Fig 7). Peak glutamate currents were
significantly depressed to 80.2 % +9.11 % of control
(n=4, P<0.05) and total charge transfer to 40.1 % +
26.2 % of control { P <0.05).

DISCUSSION

Comparison with other studies on motor neu-
rons A number of studies have been cartied out on the
properties of motor neurons in rat spinal cord with either
intracellular electrodes'! =) or patch clamp tech-
niques'™'8) The electrical properties of motor neurons
in the present study largely is in agreement with those re-
ported by others. ‘The input resistance is higher than that
reported in some studies with intracellular elec-
trodes"'5) | but is in agreement with those reported in
others!"1%-') Higher resistance in patch clamp mea-
surements compared to intracellular measurements may be
due o the tight seal between membrane and electrode in

the patch clamp configuration!'” . Resistances of motor

neurons in the present study were lower than that reported
in another study using patch electrodes’™ . The most
important contributory difference is probably the age of
the animals, 14 —23 d in the present study versus 2~3 d
in the other. The age difference is also reflected in the
size distribution of the cell bodies, which in 14 —-23 d old
animals are much larger than and almost do not overlap
diameters in the 2 - 3 d old animals'"™’.  Although a de-
crease in electrical coupling between motor neurons with
age'™® might tend to increase membrane resistance, input
resistances of both spinal™ and hypoglossal®’ motor
neurons have been reported 1o decrease with age, perhaps
because of an increase in ion channgl density .

1nA

2s
Control

1

EtOH

Wash

Fig 7. Ethanol reversibly depressed glutamate-evoked
currents in the presence of TTX. Ethanol 100 mmol/L
was applied for 15 min {EtOH) followed by 30 min wash
with drug-free ACSF (Wash). Downward deflections
are brief hyperpolarizing voltage steps to monitor input
resistance.

Effects of ethanol on motor neuron properties
General anesthetic agents have been reported to hyper-
polarize neurons in spinal cord® 2} However in the
hippocampus effect of volatile anesthetic agents varies,
only one of the three tested produce hyperpolarization as-
sociated with a conductance increase'®). The present
study in spinal cord motor neurons showed no change in
resting potential in either direction, and many cells ex-
posed to ethano!, particularly for long perieds, showed a
decrease in conduclance. There was an increase in
threshold for impulse initiation and a decrease in the num-
ber of action potentials in a train, which could be due to
number of causes. A study in motor neurons from
younger rats {1~3 d old) showed a similar decrease in
ability to sustain repetitive firing in the presence of
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ethanol 70 mmol/L; the decrease may be related to inhi-
bition of voltage-gated calcium currents®.  The de-
crease in aftethyperpolarization afier each impulse points
1o inhibition of a voltage-dependent potassium channel.
Ethanol-induced increases in afterhyperpolarization and re-
duction in spike frequency in hippocampus have been sug-
gested to be due to an increase in calcium-dependent
potassium conductance!® | and such a change has been
suggested to be a common mechanism of anesthetic ac-
tion® . In motor neurons there appears to be no long-
lasting afterhyperpolarization of the type ascribed to Iycy)
at least under the recording conditions in the present
study .

Effects of ethanol relation to general anes-
thesia Ethanol produces general anesthesia as measured
by abolition of a molor response to a noxious stimulus in
7 d old rats at concentrations close to the higher end of the
range {200 mmol/L) used in the present study. There is
a pronounced age-dependence, such that mature animals
are anesthetized at 100 mmol/L!"'*,  The present study
therefore employed concentrations relevant to general
anesthesia in the animals from which the spinal cord slices
were prepared, over the age range which bmckets the age
of the animals in the study (14 —20 d). The anesthetic
endpoint used in the behavioral studies of ethanol anes-
thetic potency, abolition of movement in response fo a
noxious stimulus, or MAC™ | is a function of anesthetic
actions in the spinal cord*~*’. We have previously re-
ported similar depressant effects of ethanol and volatile
anesthetics on the circuitry that mediates the monosynaptic
reflex in isolated intact spinal cord from 2~ 7 d old rats,
at anesthetically relevant concentrations over the same
range as used in the present sudy***), In the present
study in slice preparation we observe changes in intrinsic
motor neurcn properties and a depressant effect of ethanol
on glutamate-evoked currents in the presence of
tetrodotoxin. These results lead to the conclusion that the
depressant effects of ethanol on excitalory synaptic trans-
mission observed in intact cord are at least in pan due to
the actions on the motor neurons themselves in addition to
any actions on elements presynaptic to them.

Actions of ethanol on synaptic transmission
in slices as compared to intact cord The additional
resolution afforded by slice preparations comes at the cost
of paring away much of the connectivity that can be ob-
tained in the intact organ. The neonatal spinal cord of-
fers the unique capability of examining both the intact
cord and the slice preparation in vitro, and thus of testing
the relevance of drug actions in slice preparations to the

situation in whole cord, The nearly superimposed dose-
response curves for ethancl depressant actions on the pop-
ulation EPSP in whole cord and EPSPs in individual motor
neurons in slice suggest that none of the important media-
tors of drug actions on this response, for instance tonic in-
hibitory interneurons, are lost in this relatively thick slice
preparation. We have used the present study as a basis
for more detailed analysis of the postsynaptic actions of
both ethanol'®®’ and clinical volatile general anesthetic a-
gents'®)
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