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IGH-FIDELITY EVOKED POTENTIAL FOR MAPPING THE RAT

AIL IN THALAMUS
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ec. 4, Roosevelt Road, Taipei, Taiwan, R.O.C. 10617

bstract—The technique of field potentials (FPs) provides a
acroscopic view for exploring brain function, and is sup-
lementary to single-unit recording, a microscopic view that

nvestigates each neuron in great detail. Mapping the rat tail
n the ventroposterolateral (VPL) nucleus of the thalamus
as carried out by analyzing the current source density

CSD) of the evoked FPs. The results showed a clear soma-
otopic organization of the tail in the VPL nucleus. Also, to
btain high-fidelity FPs, two recording parameters were de-
ermined. Based upon cross-correlation coefficient (�), the
ycles of FPs needed to be averaged should not be less than
0 and the distance between the two recording sites should
e no longer than 50 �m in each direction (mediolateral,
nteroposterior and ventrodorsal). Under these conditions,
he representation (or reproducibility) of an FP can be >95%.
he procedures used to determine these parameters can
erve as a guide to obtain FPs with high signal-to-noise ratio
nd without spatial aliasing error. © 2008 IBRO. Published by
lsevier Ltd. All rights reserved.

ey words: evoked potential, current source density, rat thal-
mus, A� fibers, correlation coefficient, signal average.

he brain contains billions of neurons that function simul-
aneously in parallel, hence, the electrical signals in the
NS are very complex. Therefore, it is helpful to choose a
impler system as a model. Barrel organization in the rat
erebral cortex is a well-established model for studying the
actility of whiskers (Arabzadeh et al., 2004; Kublik, 2004;

oosley and Ven Der Loos, 1970). However, it is probably
ot an adequate model for nociceptive experiments, be-
ause we do not know how to apply painful stimuli to
hiskers. The rat tail, as compared with whiskers, is very

ong and simple, and has plenty of room for applying
arious stimuli, such as touch, pinching, laser (Shaw et al.,
001), as well as electric shock (Shyu et al., 2003). Fur-

hermore, its representation in the CNS is very small, thus
nabling us to map it systematically and thoroughly with

imited manpower. As a result, this study was designed to
ap in the thalamus the responses produced by stimulat-

ng the A� fibers of the rat tail.
Single-unit recording (Chung et al., 1986; Zhang and

iesler, 2005) is widely used in electrophysiological re-

Corresponding author. Tel: �886-2-23687401; fax: �886-2-33665268.
-mail address: jaw@ntu.edu.tw (F.-S. Jaw).
bbreviations: CSD, current source density; EPSP, excitatory
n
ostsynaptic potential; FP, field potential; S/N, signal-to-noise; VPL,
entroposterolateral; �, function of correlation coefficient.
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earch. This method is able to investigate the characteris-
ics of each individual neuron. It is, however, difficult to
ecord several neuronal signals simultaneously from differ-
nt locations (Dong et al., 1982; Buzsaki et al., 1989). As
ompared with the microcosmic information of single-unit
ecording, the technique of field potentials (FPs) offers
acrocosmic information (Chudler and Dong, 1983). FPs
re generated by integral electrical signals that compro-
ise the activities of many neurons, conducted via the

arge volume of the extracellular space. Hence, information
bout FPs can be used to observe the activities of a group
f neurons.

Current source density (CSD) analysis of FPs can tell
he location at which post-synaptic potentials occur, so the
hanges in time and location of neuronal activities can be
stablished. Before the analysis of FPs, we investigated
he criteria for FPs recording. The purpose of doing this
as to record high-quality signals. Cross-correlation coef-
cient was used as an objective index to evaluate the
dequacy of signal averaging and the necessary spatial
ensity of the FPs. It is suggested from our results that the
patial interval between two recording points should be
horter than 50 �m and 50 cycles of FPs should be aver-
ged to obtain 95% confidence intervals. Finally, the CSD
howed that there was a good somatotopic organization of
he rat tail in the ventroposterolateral (VPL) nucleus of the
halamus.

EXPERIMENTAL PROCEDURES

nimal preparation

dult male Wistar rats, weighing 350–450 g, were used. All
xperiments were carried out in accordance with the guidelines of
he National Taiwan University College of Medicine and College of
ublic Health Institutional Animal Care and Use Committee

IACUC), as well as the National Institutes of Health Guide for the
are and Use of Laboratory Animals (NIH Publications No. 80-
3). All efforts were made to minimize the number of animal used
nd their suffering. After anesthesia with sodium pentobarbital
50 mg/kg, i.p.), the trachea, femoral artery and femoral vein were
annulated. The adequacy of anesthesia was maintained by con-
inuous delivery of pentobarbital with an infusion pump at a lower
osage (5 mg/mL, 1 mL/h, i.v.). Rectal temperature was main-
ained at 38 °C with an electrical thermal blanket. The animals
ere placed on the stereotaxic apparatus (Spinal Unit of David
opf) for recording. Before systematic recording was performed,
e lightly tapped the tail of the rat with a glass rod to determine the

esponsive regions in the thalamus, with the aid of an audio
onitor (Moncastle and Henneman, 1952). A total of five rats were
sed in this experiment to map the tail in the thalamus at various
oronary planes (Fig. 1). This procedure speeded up the determi-

ation of the area of the thalamus where we should record.

ved.

mailto: jaw@ntu.edu.tw
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Thereafter, laminectomy (from L1 to S2) and craniotomy were
erformed, the animals were paralyzed with gallamine triethiodide
2%) to depress the reflex response, and were artificially venti-
ated (Harvard 683; 10 mL/kg, 1 Hz). Both the dura maters of the
r
6

rain and spinal cord were carefully removed by microscopic
issection. The exposed brain and spinal cord were covered with
arm liquid paraffin (34 °C) in the oil pool formed with the cut skin.
uring the experiment, the animals were kept under physiological
onditions (mean blood pressure �90 mm Hg, end tidal CO2

oncentration 3–4.5%, and rectal temperature 38 °C).

ecording setup

lass micropipettes with a large-tip diameter (Briano, 1983) were
lled with 3 M NaCl solution. Thus, the impedance could be
ecreased to 3–5 M� for noise reduction. The FPs picked up were
mplified with a gain of 2500, filtered with a passband from
.01–300 Hz, and digitized at 3000 Hz by an A/D converter card
NI PCI-MIO-16E-4). Also, an audio monitor (Grass AM8) and an
scilloscope (Tektronix TDS 520A) were used for locating the
esponsive areas in the thalamus.

The tail of the rat was primary innervated by the S2, S3 and S4

oots (Lee, 1991). Therefore, these roots were dissected with fine
lass rods, cut distally, and hooked individually on multi-lead hook
lectrodes for recording and stimulation. A 1-Hz constant current
ulse with a duration of 100 �s was used to elicit supramaximally

he A� fibers of these roots. The supramaximal stimulus was
efined as 1.5 times the intensity of stimulus that elicits maximal

� compound action potentials (CAPs).
To confirm the recording site, three rats were killed with the tip

f the electrode left in situ after recording. Then, transcardiac
erfusion was performed with buffered formaldehyde (10%). After
bout 1 week post-fixation, the rat brains were cryosectioned at
0 �m thickness and Nissl stained. Consecutive sections were
xamined to locate the tip of the glass microelectrode.

etermination of recording parameters

wo important recording parameters should be determined at the
rst step. One is the number of cycles for averaging, and the other
s the spatial interval between two consecutive recording points.
ignal averaging is a technology commonly used for increasing

he signal-to-noise (S/N) ratio of evoked potentials. However, how
any cycles should be averaged lacks objective guidance. To set
p the guidance, we determined these two parameters, based on
orrelation function, which quantitatively measures the similarity
etween two signals (Goovaerts and Rompelman, 1991).

In general, the function of correlation coefficient (�) can be
ormulated as follows (Freeman and Nicholson, 1975):

��
� �x��x��y��y�

�� �x��x�2� �y��y�2

�
E�xy���x�y

�x�y
, (1)

here � and � represent, respectively, the mean and standard
eviation of the signal.

By using �, one can find the effect of the number of cycles
sed for signal averaging, and the effect of changing the spatial
ampling interval. For compliance with statistical convention, 95%
f � was selected as the minimal acceptable level of confidence.

ig. 1. Somatotopic organization in the VPL nucleus of the rat thala-
us. Each receptive field is denoted in the corresponding position,
hich indicates the site where neuronal activity was evoked by touch.

A–C) Coronal planes at 3.5, 3.7 and 3.9 mm posterior to the bregma,

espectively. The range covers 2.8–3.8 mm mediolaterally and 5.3–
.3 mm in depth.
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SD analysis

nalysis of CSD provides information about ions moving in or out
f the cell membrane. The place where ions move into neuronal
embranes is called “sink” for an excitatory postsynaptic potential

EPSP) On the other hand, “source” refers to the place where ions
ow out of neuronal membranes. The gathered data were then
nalyzed with a MATLAB program to calculate the CSD profile.

The relationship between FP and its CSD is described by a
oisson equation as follows:

�J� ��IV����2�, (2)

here � is the conductivity of the conducting medium and � the
P.

The three-dimensional expression of Eq. 2 in cartesian coor-
inates is:

�x

	2

	x2�
�y

	2

	y2�
�z

	2

	z2���Iv, (3)

here �x, �y, and �z are the conductivities of the three axes.
If the recording area is small, the tissue conductivities along

ll of the axes can be assumed to be homogeneous, especially at
he VPL nucleus (Mcallister and Willis, 1981). Then, Eq. 3 can be
implified to the following relationship:

�Iv�� 	2

	x2�

	2

	y2�

	2

	z2�� (4)

heir finite difference equivalences can be obtained thereafter:

CSDx �
��t, x
�x��2��t, x�
��t, x��x�

�x2 (5)

CSDy �
��t, y
�y��2��t, y�
��t, y��y�

�y2 (6)

CSDz �
��t, z
�z��2��t, z�
��t, z��z�

�z2 (7)

Iv���CSDx
CSDy
CSDz�, (8)

here �x, �y, and �z are the spatial interval of adjacent recording
ites in the ML, AP, and VD directions.

RESULTS

actile mapping of the tail

efore FP recording, somatotopic organization of the rat
halamus has to be mapped. The responses detected by
he aid of the audio-monitor are shown in Fig. 1. Three
oronal planes are shown. Only few recording points could
e found on the 3.5-mm plane. The responsive points
lustered on the 3.7- and 3.9-mm planes were broader and
eeper than those on the 3.5-mm plane. The peripheral
eceptive fields of the recording sites were hatched in the
at cartoon.

umber of cycles to be averaged and spatial
nterval for recording

irstly, the number of cycles to be averaged had to be
etermined to obtain the representative response at the
ecording point. Three pairs of the evoked responses
re shown in Fig. 2A. The fastest component conveyed by

he A� fibers was at �12.5 ms, which was indicated by the a
ashed line. The number of cycles used for averaging and
heir corresponding � were shown in Fig. 2A. The resultant
aveforms suggested that the larger the number of cycles

ig. 2. Determination of parameters for FP recording. (A) The effect of
ifferent number of averaging on FP waveform. In all three pairs of
aveforms, n represents the number of average, while � is the cross-
orrelation coefficient of two waveforms. Averaging 50 responses
ielded a good S/N ration, with ��95%. The trend of � vs. the number
f averaging is depicted in (B). As shown in (C), at a 10-�m interval �
eached 0.99, and it decreased to 0.95 as the interval increased to of
0 �m. It is even smaller than 0.95, if the interval between two
onsecutive recording points in the ML and VD directions is �60 �m
nd �50 �m in the AP direction. (This figure has been used previously

o determine the inter-electrode distance of our neuroprobe Chen et
l., 2004).
veraged, the higher � was. To inspect the trend between
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and this number, Fig. 2B was plotted. It was clear that,
hile this number was �50, � would be �95%, with a small
ariation. Thus, 50 cycles of responses were gathered at
ach recording site for further analysis.

The other important parameter was concerned with the
patial resolutions in the ML, AP, and VD directions. Also,
he correlation coefficient � is used for determining whether

spatial interval is too long and will cause aliasing errors
Jaw, 2001). A three-axis manipulator (David Kopf 1460)
ith a 10-�m resolution along each axis was used in this
xperiment. From Fig. 2C, we know that spatial interval
long each axis should be �50 �m, to prevent degradation
f � (i.e. ��95%).

SD of the response

fter the area in the thalamus involved with tactile sensa-
ion and the recording criteria had been determined, elec-

ig. 3. CSD analysis of FPs evoked from different dorsal roots. (A) Th
he S3 root (AP, 3.5 mm). Its CSD analysis is shown in (B). Current sin
PSP. Current sources (red) are the current that must flow out of the n
lanes induced by stimulating the S2 root is shown in (C) (AP, 3.5 mm
ric stimuli were used for mapping the A�-fiber responses. t
or ease of comparison, the 3.5-mm plane was chosen
ecause the tactile responses on this plane were well
estricted. The FP and its CSD evoked by the A� fibers of
he S3 root were shown in Fig. 3A and 3B, respectively.
he CSDs caused by stimulating A� fibers of the S2 root
re shown in Fig. 3C (3.5-mm plane) and 3D (3.7-mm
lane).

DISCUSSION

he tactile responses of the tail located in the VPL nucleus
f the thalamus were confirmed by histological examina-
ion (see Fig. 4) and by checking with an atlas of the rat’s
rain (Paxinos and Watson, 1998). Generally, the spatial
istribution of the rat tail in the thalamus was almost per-
endicular to the top surface of the cerebral cortex and
as slightly curved along the boundary of the VPL nucleus.
he deeper or lower portion of the VPL nucleus displayed

ensional FP was plotted at 12.5 ms, the fastest response evoked by
correspond to positive ions entering neurons, as would happen in an
order to balance the movement of ions. The CSD in different coronal
) (AP, 3.7 mm).
e two-dim
ks (blue)
he forelimb representation. Posterior to the plane of
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.5 mm (from the bregma), the receptive fields of the tail
howed bifurcation; one part was located in the more
entromedial region, while the other was more lateral. The
ormer may project to the S2 region and the latter to the S1
egion of the cerebral cortex (Davidson, 1965). All these
unctional topographic findings confirm with the previous
tudies while placing special emphasis on the mapping of
he tail that is not yet clearly understood.

The number of cycles of FPs used for signal averaging
oes not have clear guidelines for its selection, despite the
ide acceptance of this technique for increasing the S/N

atio. On scientific (or mathematical) merit, the correlation
oefficient function was used for determining this number.
he relationship between this number (n) and � shown Fig.
B suggested that an adequate number for n was 50. This
umber may intuitively depend on the environmental con-
itions. A noisy environment may require more cycles to be
ecorded for averaging. Conversely, a properly grounded
nd shielded recording setup may need fewer cycles to be
easured. Also, the depth of anesthesia of the animals

ig. 4. Histological examination of the recording site. (A) Nissl stain-
ng of the slice shows the tip of the glass microelectrode, and (B) is its
rawing made with the camera lucida. Three consecutive slices of
0 �m thickness were superimposed to make this drawing, which
hows three traces of penetration.
lays a key role in background fluctuation of FPs. Hence,
dequate anesthesia is a prerequisite for establishing the
umber needed for averaging.

The correlation function was also used for determining
he sampling distance (d) between two consecutive record-
ng points. From Fig. 2C, the value of � decreased below
.95 if d was �60 �m, especially in the AP direction. This

nteresting phenomenon may be due to orientation of the
edial lemniscus. Thus, a small increment in this direction
ay cause a large variation in the FPs recorded. This is
hy the sampling interval in the AP direction will determine

he spatial density for the three-dimensional recording.
Systematic mapping of the A�-fiber response could be

arried out only after the recording parameters and extent
f the response had been determined. In contrast of FP,
hich seems confusing because ionic movements (instead
f potentials) are the actual cause of activity in living tissue,
SD results could reveal the responsive region clearly and
onsistently. By comparing Fig. 3B, C and D, one could
scertain that the tail clearly showed somatotopic organi-
ation in the thalamus. The responsive center of the S3

oot was at the 3.5-mm coronal plane (Fig. 3B), while that
f the S2 root was at the 3.7-mm plane (Fig. 3D). Soma-

otopic organization of the tail was not only shown in the
P, but also in the VD direction. The center of the S3 root
as at a depth of 5.75 mm, measured from the surface of

he cortex, and that of the S2 root was at 5.95 mm. Re-
ordings from other rats or from the S4 roots also sup-
orted this finding (data not shown).

CONCLUSION

n summary, CSD analysis rather than FP can be used to
isplay actual active centers of tactile applied on the rat.
nd there is clear somatotopic organization in the VPL
ucleus. The representation of the rat tail in the thalamus,
xamined for both tactile and electrical stimulation, is rel-
tively small. The recording criteria may vary depending on
ifferent conditions, such as environmental noise level and
he nature of the signal. However, the method and proce-
ure used to determine these recording parameters in the
tudy provide useful guidance for other applications.

cknowledgments—This study was supported by 94-EC-17-A-05-
1-017.
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