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Abstract

The purposes of the present study were to characterize and compare the mid-tail cortical and
thalamic somatosensory evoked potentials (SEPs), and to examine how the depth of the barbiturate
anesthesia affected them. After thetail representative locations of sacrococcygeal dorsal root (S2 or S3),
thalamus (ventroposterior lateral nucleus, VPL) and primary somatosensory cortex (Sl) were set up for
recording, theratswereinfused serially with diluted sodium pentobarbital solution beginning from light
(5to 10 mg/kg/hr) to deep (30 to 40 mg/kg/hr) and then stop infusion (recovery). The effects of anesthetic
depth on SEPs wer e examined of dorsal root, thalamic and cortical field potentials evoked by mid-tail
stimulation of various stimulation intensities (100 pA to 2mA, step 100 pA, at 2 Hz) and frequencies
(0.5t0 11 Hz, step 0.5t01 Hz, at 3T). The depth of anesthesia did not affect the strength-response curves
of the SEPs. In contrast, the depth of anesthesia differentially influenced the frequency following
capabilities of different recording sites. Under light anesthesia, thalamic SEP was only significantly
affected with stimulation frequencies higher than 8 Hz, whereas cortical SEP was significantly affected
with 2 Hz or higher. Under deep anesthesia, thalamic SEP evoked by low frequency tail stimulation was
not significantly changed. In contrast, cortical SEP was affected much strongly so that under 1 Hz
stimulation, a significant difference could be observed. We concluded, therefore, that thalamus was only
partially responsible for the limited frequency following capability of the SI, and that the main effect of
pentobar bital was on the cortical level. From the data obtained, an exponentially decaying curve could
be observed for the cortical SEP under different stimulation frequencies. The decay constant showed a
50% change with a change in anesthesia depth. We propose that the decay constant could be used as a
sensitive index for the monitoring of anesthetic depth.
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Coding of stimulation frequency is an important
function of a sensory system. It iswell known that the
primary somatosensory cortex cannot follow high
frequency stimulation faithfully (12). A partial
explanation of this phenomenon has been attributed
to the thalamic gating mechanism (6). That is, under
anesthesia or sleep, the thalamic cells are
hyperpolarized which switches the thalamic cellsinto
abursting mode and thereby decreases their frequency

following capabilities (5). Accordingly, the major
decrease of the frequency following capability should
occur at the level of the thalamus in anesthetized
condition. We tested this hypothesis with
simultaneous recording of sensory transmission in
the tail representation areas of the thalamus (the
ventroposterior lateral nucleus, VPL) and the primary
somatosensory cortex (Sl) responding to electrical
stimulation of thetail of therat. Dorsal root potentials
were recorded as an independent index of input level.

Somatosensory evoked potential (SEP) has been
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widely used in the clinical ward for the purpose of
testing the integrity of the somatosensory system.
Duetoitslarge variability, SEP have not been used as
a routine index of anesthetic depth during general
surgery (4,8). The second objective of the present
study wasto try to test whether the frequency following
profile of the SEP should be modified during a change
of the anesthetic depth, and therefore, might be a
useful index for the monitoring of anesthesia depth.

Materials and Methods

The experiment was carried out on male Wistar
rats (350-450g; n=8). The rats were anesthetized with
intraperitoneal sodium pentobarbital (50 mg/kg).
Trachea, femoral artery and vein were cannulated for
ventilation, blood pressure monitoring and drug
administration respectively. From an hour before and
during the whole recording period, diluted
pentobarbital solution was infused intravenously.
Blood pressure, heart rate and rectal temperature was
monitored continuously. A feedback controlled
thermal blanket was used to regulate the rectal
temperature at 37.5 °C.

The rat was mounted on a stereotaxic apparatus
and aright-side craniotomy was performed overlying
the parietal bone. The dura mater was removed, and
tail representative areas of the cortical surface and the
thalamus were mapped with monopolar silver ball
electrode (diameter 0.5 mm) and glass electrode (tip
diameter 10 to 20 um) respectively. Glass
micropipettes were filled with artificial cerebrospinal
fluid and 1% potamine sky blue for marking the
recording site. The tail representative area of the Si
was usually located at approximately 2.5 mm caudal
to the bregma and 2.5 mm lateral to the midline; that
of the thalamic VPL nucleus was usually located 3.5
mm caudal and 3.5 mm lateral. A laminectomy was
carried out on L1-S1 vertebrae to expose the
sacrococcygeal cord and its dorsal roots. A pair of
stainless hook electrode was used to record the S2 or
S3 dorsal roots. The selected dorsal root was identified
by tapping and stroking its cutaneous receptive field
over the tail. Biocompatible silicone glue (Wacker
604) was used to cover the cortical and the dorsal root
electrodes to stabilize the preparation and also to
prevent the tissues from dehydration. The general
design of the experiment is diagrammatically
represented in Figure 1A.

The stimulation was delivered as a 2 ms duration
constant current square wave pulse to the left side of
the middle part of the tail. The distance between the
positive and the negative poles of stimulation needle
electrode was about 5 mm and the negative pole was
placed rostrally. Grass P511 AC amplifier was used
to record the cortical evoked potential and dorsal

roots CAP with band pass filter set at 1 to 300 Hz and
again of 5,000. The setting for the thalamic evoked
potentials were divided into two parts, one for low
frequency component (1 to 300 Hz), the other for high
frequency component (300 to 3K Hz), gain was
10,000.

Sodium pentobarbital infusion rates were
adjusted from light to deep and then returned to light
anesthetic stage. In order to achieve a distinctive
difference in anesthetic depths, after the completion
of all surgical procedure and electrode arrangements,
the rats were infused first with a slower rate of 5to 10
mg/kg/hr for at least an hour. After obtaining the first
set of evoked potentials (light stage), the infusion rate
was increased to 30 to 40 mg/kg/hr. Thisinfusion rate
was kept for at least half an hour. The faster rates of
infusion were used if the animal did not show a
deepening in anesthetic level. The criterion to judge
this was a lowered heart rate of more than 5 bpm.
After the second set of SEPs was obtained (deep
stage), the infusion of the anesthetics was stopped for
half an hour and resumed afterwards at a slower rate
(about 5 to10 mg/kg/hr) for an hour (recovery stage).
Datawere used for those rats whose heart rates returned
to their original level under light anesthesia. Within
each stage, a complete set of intensity-response and
frequency-response tests was performed. This was
done by varying the current intensities from 100 pA
to 2 mA (in increments of 100 pA, at a stimulation
frequency of 2 Hz), and varying frequencies from
0.5 to 12 Hz (in increments of 0.5 or 1 Hz, at a
stimulation intensity of 600 pA (about 3x A
threshold, 3T). Each evoked potential was obtained
by averaging traces from 50 cycles to enhance signal -
to-noise ratio. A 12-bit analog-to-digital converter
card (AT-MIO-16E-2, National Instruments) was used
to digitize the evoked potentials at a sampling rate of
6 KHz. A total of 512 points of datawas collected for
each stimulation cycle. The data was logged to
computer hard disk and analyzed off-line with a
program developed with LabVIEW (National
Instruments). Parameters analyzed were initial
latency, peak latency and area under curve in channels
of dorsal roots SEP and the high frequency component
of thalamic SEP. For the cortical SEP channel, we
analyzed the peak latency and peak-to-peak amplitude
(Figure 1C). The relative fluctuation of the slow
frequency component of the thalamic channel was
found to be too large to be useful. Friedman repeated
measures ANOV A on ranks was used to examine the
significance of the differences among the light, deep
and recovery groups. Pair-wise comparisons were
made with nonparametric Student-Newman-Keul test.
Data are expressed as mean + standard error of the
mean.

Pressure injection of a small amount of
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Fig. 1. Basic experiment design (A) Three recording el ectrodes were used to record mid-tail-evoked field potentials. These were from bottom up: apair
of hook electrode under asacrococcygeal dorsal root (S2 or S3); aglass microelectrodein the ventroposterior lateral nucleus (VPL) of thethalamus;
and aball electrode on the primary somatosensory cortex. (B) Anexample of VPL recording site (black arrow), as revealed by the potamine sky
blue mark. Thethreewhite arrows point to the recording tracks made during the search of the tail representation areainthe VPL. (C) An example
of mid-tail evoked SEPs. At the point of the arrow, a constant current square wave pulse of 2 ms duration was given to the left side of the mid-
tail. Thedorsal root compound action potential (DR) and the high frequency component of the VPL field potential (TH) has been rectified and
integrated. Area-under-curve of their respective SEPs is marked with oblique slashes. The peak-to-peak value of the cortical SEP (CX) wastaken
of the most prominent short latency positive peak (arrow line). The o point was the starting point of the VPL SEP (dotted line).

pontamine sky blue was used to mark the thalamic
recording site at the end of the recording session (Fig.
1). The rats were sacrificed under deep anesthesia
and perfused intracardially with normal saline
following by 4% formalin solution. The brain was
taken out and store in 30% sucrose formalin solution
for at least a week in the refrigerator. Fifty-micron
thick serial frozen sections were cut on a sliding
microtome to reveal the location of the thalamic
recording site (Fig. 1B).

Results
General Condition
SEPswere successfully recorded in 8 rats. Blood
pressure and heart rate of these rats were affected by

the depth of anesthesia. These values (n=8) were 122
+ 4 mmHg and 412 + 13 bpm for light condition, 112

+ 4 mmHg and 358 + 13 bpm for deep condition, and
123 + 4 mmHg and 402 + 11 bpm for recovery
condition. Blood pressure and heart rate during deep
condition were significantly lower than those of the
light and recovery conditions.

There were no spontaneous movements of all
animals at all times. Pinching of the distal paws of the
animal produced only the slightest flexor reflex rarely
in rats under light or recovery conditions. This was
immediately supplemented with a small dose (0.1 ml)
of diluted pentobarbital solution (10 mg/kg).

Cortical, Thalamic and Dorsal Root SEPs under Light
Anesthesia

An example of cortical, thalamic and dorsal root
SEPs evoked from the middle part of the tail is
illustrated in Figure 1C. We were analyzing the most
prominent fastest component of the SEPs. The
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Fig. 2. A representative example of cortical SEP after mid-tail stimula-
tion (arrow) of different intensities (A) and frequencies (B). Each
trace represents an average of 50 stimulation cycles. (A) The
twenty traces from bottom to top are SEPs obtained by varying
intensities from 100 pA to 2 mA in steps of 100 pA respectively.
The stimulation frequency was 2 Hz. (B) The twelve tracesfrom
bottom to top are SEPs obtained by varying frequenciesfrom 0.5
Hz, 1 Hzto 11 Hz (in steps of 1 Hz) respectively. The stimulation
intensity was 600 pA.

threshold intensity for these SEPs was about 200 pA.
At low frequency stimulation rate (2 Hz) and maximal
stimulation intensity (2 mA), the peak latencies for
these SEPs (n=8) were 24.7 £ 0.7 ms, 16.3 + 0.6 ms
and 7.0 £ 0.6 ms for SI, VPL and S2-3 dorsal roots
respectively.

The cortical, thalamic and dorsal root SEPs
were differentially sensitive to varying stimulation
intensity and frequency. Amplitudes of cortical and
thalamic SEPs grew rapidly to their maximal with an
increase in stimulation intensity to about 3T (Figures
2A and 4A). With further increasesin the stimulation
intensity, further increases of the dorsal root CAP
were still noted (Figures 4A, 4B and 4C). It's an
indication that the cortical and thalamic SEPs
components we recorded were induced by the largest
afferent fibersin the tail. At 100 or 200 pA, there was
no trace of the SEPs. But as soon as they were evoked
at 200 or 300 pA, their latencies stayed relatively
constant at supra-maximal intensities (Figure 5A).
The cortical SEP showed the largest variation with
intensity and frequency. Thisisillustrated in Figure
2B. Cortical SEP became smaller and slower as the
stimulation frequency increased. The frequency effect
on the amplitude and latency of the SEPs is
guantitatively shown in Figures 4D and 5D
respectively. Cortical SEP was significantly smaller
and slower at 2 Hz and higher, whereas thalamic SEP
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Fig. 3. A representative example of the effect of anesthesia depth on
SEPs. Stimulation parameters were 3 Hz, 600 pA and 2 ms
duration. Note DR and TH SEPs were not affected significantly
by the depth of anesthesia; whereas the amplitude and the slope of
the CX SEP were depressed.
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was affected at stimulation frequencies higher than 8
Hz.

Effect of Anesthesia Depth on SEPs

An example of the effect of deepening barbituate
anesthesia on the SEPs is illustrated in Figure 3.
Dorsal root and thalamic SEPs did not seem to be
affected much by the change of anesthesia depth,
whereas cortical SEP became smaller and slower in
the deep condition. This suppression returned to
control level after a period of recovery.

The effects of anesthesiadepth on SEP amplitude
and latency were quantitatively analyzed. Figure 4
shows the effects on the amplitude of the SEPs with
different stimulation intensities (left panel) and
frequencies (right panel). In addition to the frequency
dependent change of SEP amplitude, it is clear that
under deep condition, the cortical SEP was suppressed
even more by the increase in stimulation frequency
(Figure 4E). In contrast, thalamic and dorsal root
SEPs were not affected any stronger than they were
under light or recovery conditions.

Quantitative analysis of effects of anesthesia
depth on SEP latencies is presented in Figure 5. A
deepening of barbituate anesthesia caused little change
in the intensity-response curve (5A, 5B and 5C) as
can be seen also in Figures 4A, 4B and 4C. A
deepening of anesthesia depth did not change dorsal
root SEP latency but caused a large prolongation of
cortical SEP latency (5E). There seemsto be achange
in thalamic SEP latency, but due to large variations,
thisis not statistically significant.

From arelative point of view, anesthesia depth
did not change the intensity-dependent amplitude or
latency of the cortical SEP, but it did affect the
frequency-dependent amplitude change significantly.
Therefore, we fitted the stimulation frequency -
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Fig. 4. Effects of varying stimulation intensity (left panel) or frequency (right panel) on relative amplitude of dorsal root (open circles), thalamic (open
triangles) and cortical (solid squares) SEPs. Note that the relative amplitude of cortical SEPs diminished significantly with the increasing of
stimulation frequency under light (D) or recovery (F) conditions. That of the thalamic SEPs diminished only dightly in the same conditions. Note
also that the relative amplitude of the cortical SEP depressed much quickly and strongly with theincreasing of stimulation frequency under deep
anesthesia (E). Theintensity-response curves were similar under all conditions (figures A, B, and C). A star denotes significance level P<0.05.
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Fig. 5. Effects of varying stimulation intensity (left panel) or frequency (right panel) on relative latency of dorsal root (open circles), thalamic (open
triangles) and cortical (solid squares) SEPs. Neither intensity nor anesthesia depth affected any of the SEP latencies significantly. In contrast,
TH or CX SEP latencies prolonged as the stimulation frequency increased. These prolongations were further exaggerated with the deepening of
the anesthesia (Figure E). A star denotes significance level P<0.05.

amplitude data under the three conditions, namely, coefficients of the three curves were 0.99, 0.99 and
light, deep and recovery, to an exponential decay 0.94 respectively (P values were <0.0001, all highly
function as illustrated in Figure 6. The regression significant). What we think most interesting is the



94 LEEAND YEN

—~
X :
< 1009 = -o-Light  y=q0193 e-0.0%8%
= : —+—Deep  Y=1.0324 g 01650
= —=-Recovery Y=0,9521 g0.0840X
=
[&]
©
© 501
2
s
©
(]
X .
0 5 10
Frequency (Hz)

Fig. 6. Fitting of the frequency dependent CX SEP amplitudevaluesto an
exponential decaying curve, Y = ax exp (-bX), wherea= 1, and
bisaanesthetic depth dependent value. Data pointswerethe same
asin Figure4D, E, and F.

changein the b value. A deepening of the anesthesia
level changed the b value from 0.0983 to 0.165, a 68%
increase. This returned to 0.084 in the recovery
condition.

Discussion

There were three major findings of the present
study. Firstly, the frequency following capability of
the VPL and the Sl differed greatly. Tail representation
area of the VPL followed mid-tail stimulation
faithfully to 8 Hz, while that of the Sl followed to 2
Hz. Secondly, a deepening in anesthesia depth
changed mid-tail evoked VPL activity only slightly
whereas it produced a profound but reversible cortical
depression. And thirdly, the frequency-dependent
amplitude change of the cortical SEP might be a
useful index of anesthesia depth during anesthesia.

Transferring frequency information faithfully
is an important requirement of the sensory system.
Based on electrophysiological studies of single units,
neurons in the dorsal column nuclei and thalamus are
known to follow afferent stimulation at a frequency
higher than 100 Hz or more (1,9). This type of
neurons with high frequency following capability is
rarein the primary somatosensory cortex. Cytological
studies have shown that single medial lemniscal fiber
terminates in the VPL with large terminal boutons
that form complicated, sometimes glomerular type of
synapses (10,14). On the other hand, thalamocortical
fiber terminates in the somatosensory cortex in simple
synapses. Therefore, it is not surprising that thalamic
neurons are able to follow afferent stimulation at
higher frequency range than cortical neurons. The
contribution of the present study was to record rat
thalamic and cortical field potentials at the same time
and to examine their frequency following capability
systematically with afferent input frequencies.

Our finding that cortical SEP diminished
significantly at 2 Hz while thalamic SEP diminished
at 8 Hz is in agreement with data from cat (16) and
human patient (7), both studiesincluded data obtained
separately in many individuals in many recording
places. In conscious human patient, the recommended
stimulation rate for cortical SEPis5 Hz (2), reflecting
the fact that the “light” condition in the present study
was nevertheless an anesthetized condition.

In a continuous intravenous infusion study of
pentobarbital of the rat, 20 mg/kg/hr resulted in no
apparent accumulation of the anesthetic agent in the
plasma for 120 min (17). Therefore, the anesthesia
depth we chosed as light (5-10 mg/kg/hr) and deep
(30 to 40 mg/kg/hr) stages should have been under
different anesthesia depths. At the “light” stage, the
metabolic rate of the pentobarbital would be faster
than the infusion rate, the plasma pentobarbital
concentration would be decreasing. In contrast, at
our “deep” stage, pentobarbital might have been
accumulating.

A large body of literature deals with the effect
of anesthetics on the SEP. In comparison to conscious
condition, moderate dose of barbituate increases the
amplitude of the short latency SEP (3,11), while long
latency SEPs in the cortex and other brain structures
are abolished or severed depressed (11,15). By
recording forepaw-evoked cortical SEP of the rat
from a deep barbituate anesthesia to alight condition
(showed spontaneous movements), Shaw and Cant
(13) showed that the initial latency of the short latency
cortical SEP component (P2 component) gradually
shortened. The present study showed that under
deeper barbituate anesthesia, the SEP amplitude would
be suppressed and its latency prolonged. What is
more interesting is the result on the change of the
frequency following curve of the thalamic and cortical
SEP under different anesthesia conditions. Under our
“light” condition, the cortical SEP was significantly
suppressed by frequency higher than 2 Hz, and 50%
suppression was not reached until about 9 Hz. Under
“deep” condition, the cortical SEP was influenced
much more by the increase in the stimulation
frequency, so that at 1 Hz, a significant suppression
was observed, and the 50% suppression was reached
much sooner, at about 4 Hz. Thisisin sharp contrast
of the thalamic SEP which showed only slight change
under deeper anesthesia condition. Coupled with the
result that under “light” condition, thalamic SEP was
significantly influenced by stimulation frequency
higher than 8 Hz, it is clear that the major site where
the low cortical frequency following capability occurs
must be within the cortical level. It could be
hypothesized that within the somatosensory cortex
there are many complicated synaptic connections after
a thalamocortical fiber comes in. Multiplication of



FREQUENCY FOLLOWING CAPABILITY OF THALAMOCORTICAL SYSTEM 95

functions of these synapses made them incapable of
transferring high frequency afferent inputs from the
periphery.

Cortical SEP can be monitored easily in the
clinical ward. The waveform, amplitude, and latency
of the cortical SEP depend greatly on the recording
site, the goodness of the contact, the type and depth of
anesthesia and the stimulation parameters (4). Itis
clear, therefore, that a single waveform parameter of
the SEP will be of limited utility in assessing the
anesthesia depth of the animal or human patient. We
found in the present study that shifting the infusion
rate of the sodium pentobarbital solution from 10
mg/kg/hr to 30-40 mg/kg/hr brought about a change
in the b value of the frequency following curve of the
S| SEP by almost 70% (Figure 6). Of particular note
isthat the b value is obtained from aregression line of
many individual points. Although there were fluctua-
tions of the individual points, the b value should be
more resistant to local variations. Therefore, we
propose that the b value may be investigated further
in the future as a candidate index of anesthetic depth.

In summary, we reported herein a systematic
study of the frequency and intensity change of the
dorsal root, VPL thalamic and SI SEPs under two
different barbituate depths. The frequency following
capability of the VPL and the Sl differed so much that
it isunlikely that thalamus is the major sensory gate
of the afferent input. A deepening of the anesthesia
depth changed differentially the frequency following
capabilities of the thalamic and the cortical SEPs.
Thisindicates again that the cortical circuitry must be
the major target.
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