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Radiotelemetric Recording of Hippocampal Neural Activity in Piglets

Introduction

 Pigs often explore an unfamiliar environment by 
looking, biting, and sniffing as they move around to rec-
ognize new surroundings.  In addition, they show a high 
ability at learning the relation between sensory cues and 
the manipulation of tools for the intake of rewards (asso-
ciatdive learning) 6, 8.
 The hippocampus plays a prominent role in memory 
storage following learning2, 9.  A study of the hippocam-

pal region of the domestic pig (Sus scrofa domesticus) 5 
indicates that the temporal pole is larger than the septal 
pole, and that the highly laminated dentate hilus shows a 
clear resemblance to that of primates.  However, the neu-
ral basis underlying the processes of sensing, recognition, 
learning, and memory in pigs remains unclear.  
 To reveal the neurophysiological properties of the 
pig hippocampus, researchers have developed several ste-
reotaxic instruments and atlases of the coordinates of the 
hippocampus and other brain regions3, 10, 13.  There have 
been several attempts to use hard-wired systems to re-
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Abstract
We modified a wireless system to measure hippocampal neural activity in pigs, and tested a hand-
made microdrive for adjusting the tip of the electrode.  Under general anesthesia with halothane inha-
lation we stereotaxically placed tungsten electrodes (5 MΩ) fitted with handmade microdrives in the 
temporal hippocampus of male Landrace piglets, and fixed a high-input-resistance transmitter (10 
MΩ; 1000-fold amplification) to the skull.  Oscillation and saturation were evident in the recording 
system for several days after surgery.  When these phenomena ceased, we successfully recorded the 
hippocampal electrical activity in four of eight piglets.  At 5 or 6 days following surgery, hippocam-
pal electrical activity <0.15 mV in amplitude was observed in resting piglets during the daytime.  In 
this recording, delta (1.0–3.9 Hz) and theta (4.0–7.9 Hz) waves with large amplitude were frequently 
predominant.  However, these activities often alternated with high-frequency and low-amplitude ac-
tivity, even while piglets were lying down.  Manipulation of the microdrive enabled us to reposition 
the electrodes in the hippocampus 1 week after surgery.  This technical development maintains the 
electrode within the hippocampus to enable neuronal activity with behavioral correlates to be deter-
mined in unrestrained piglets.  
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cord electrical activity in the pig brain1, 4.  However, no 
such system has yet been developed for the simultaneous 
recording of neural activity and behavioral changes.  
 An alternative technique is radiotelemetry, which 
allows neural activity during behavioral changes to be re-
corded in animals without the confounding stress of re-
straint.  
 In this study, we used our wireless technique11 to re-
cord hippocampal electrical activities in unrestrained 
piglets, and tested a microdrive made to adjust the tip of 
the electrode.  

Materials and methods

1. Animal preparation
 Seventeen male Landrace piglets weighing between 
12 and 15 kg (5–6 weeks old) were used.  All animals re-
ceived humane care as described in the guide for the Care 
and Use of Experimental Animals of the National Insti-
tute of Agrobiological Sciences’ Care Committee.  Each 
piglet was housed and cared for as reported previously11.  
All surgical interventions and experiments were per-
formed in the Zootron at the National Institute of Live-
stock and Grassland Science, Tsukuba, Japan.  
 Piglets were fasted overnight before surgery, but 
were allowed ad libitum access to water.  Immediately 
before the surgery, piglets were sedated by an i.m. injec-
tion of xylazine (2 mg/kg) with midazolam (0.5 mg/kg), 
and then deeply anesthetized by inhalation of 2 % to 3 % 
halothane and 0.5 to 1.0 L/min nitrous oxide11.  

2. Determination of the hippocampal stereotaxic 
coordinates

 We re-examined the stereotaxic coordinates of the 
dentate area of the temporal hippocampus, which receives 
olfactory input via the amygdala, in nine piglets.  A tung-
sten electrode (AC impedance 5 MΩ; A-M Systems, 
Carlsborg, WA, USA) was stereotaxically inserted, and 
an electrical lesion was made in the temporal hippocam-
pus of the anesthetized piglets at the coordinates (AP–5, 
H30, L15), which we determined in previous work10, and 
at new coordinates (AP–4, H30, L14) or (AP–2, H28, 
L13.5).  At the latter coordinates, we found electrical le-
sion in the dentate area in Nissl-stained sections in pre-
liminary work.  Therefore, we used the coordinates (AP–
2, H28, L13.5) in targeting the dentate area of the temporal 
hippocampus.  

3. Surgical procedures
(1) Transmitter
 A radio transmitter (DTT-101, Dia-medical System, 
Tokyo, Japan) was modified to have high input resistance 

(10 MΩ) (Fig. 1A).  Other specifications and weights were 
as reported previously11.
(2) Microdrive unit
 We constructed a microdrive unit (working distance 
6–8 mm) from commercially available materials, based 
on a previous design7 (Figs. 1B, C).  
(3) Implantation of recording electrodes and 

mounting of transmitter
 Before surgery, eight animals were sedated and then 
deeply anesthetized as described above.  After i.m. ad-
ministration of an antibiotic (synthetic penicillin, 1–1.5 
mL), the piglets were secured in the stereotaxic instru-
ment as previously described10.  The bregma was the orig-
inal reference point for the coordinates.  Bone wax was 
applied to the skull to prevent bleeding during surgery.  
Stainless steel guide cannulae were implanted into each 
hole at coordinates (AP–2, L13.5) through the dura mater 
and fixed using dental cement with anchor bolts.  After a 
tiny incision near the lambda, a ground electrode (Ag-
AgCl2) was inserted under the dura mater.  
 Tungsten electrodes with microdrives (Figs. 1B, C) 
were bilaterally and stereotaxically inserted through the 
guide cannulae into the temporal hippocampus.  On the 
left side, the electrode was fixed at the coordinates (AP–
2, H25–28, L13.5), where active neuronal firing was de-
tected on an oscilloscope and by audible output through a 
speaker.  The reference tungsten electrode was placed at 
the same depth as the recording electrode at coordinates 
(AP–2, L5).   The electrode and adjacent anchor screws 
were then fixed with dental cement.  On the right side, the 
electrodes were implanted at the same coordinates, but 
without audible monitoring.  The cables of the electrodes 
and a pair of batteries (each 1.5V, 120 mAh; LR6) were 
connected to the input pins of the transmitter (Fig. 1A).  
The transmitter in the housing and all connectors were 
then carefully fixed to the skull with anchor screws and a 
plastic protector with dental cement (Fig. 1D).  Synthetic 
penicillin was topically applied to the wound margin.  Fi-
nally, the batteries were fixed with bandages to the back 
of the piglet.  

4. Recording procedure
 Electrical activity was differentially recorded in a 
Faraday cage11 between 10:00 and 12:00, during which 
time animals are commonly found lying down.  During 
the measurements, an observer recorded the behavior of 
each animal.  

5. Data analysis
 The data were digitized at a sampling rate of 10 kHz 
in the commercial software package WorkBench (Data 
Wave Technologies, Longmont, CO, USA).  The numeric 
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portions of the data were analyzed by using a fast Fourier 
transformation (FFT) algorithm from the commercial 
software packages Labview for Windows (v. 5.0; National 
Instruments Japan, Tokyo, Japan) and Eight Star and 
Brain Wave Analysis (Star Medical, Tokyo, Japan).  

6. Histochemical identification of electrode position
 After the recordings, the animals were deeply anes-
thetized as described above.  A negative electrical current 
(0.2 mA, 30 s) was applied to each electrode to mark its 
position.  The heads were then perfused with formalin so-
lution (pH 7.4) 10.  Finally, we identified the locations of 
the electrical lesions in the Nissl-stained sections as de-
scribed previously10.  

Results

1. Recording hippocampal electrical activity by 
radiotelemetry

 The electrical activity of the left temporal hippocam-

pus was successfully recorded at the new coordinates 
(AP–2, H28, L13.5) in four of the eight piglets while they 
were lying down.  In the remaining four piglets, measure-
ment was not performed or was interrupted, because ei-
ther the animals did not recover from surgery or the pro-
tectors and cables were broken during the recovery 
period.  
 Among the four successful measurements, marked 
oscillation and saturation (Fig. 2) were evident for the 
first several days after implantation in three piglets.  
These phenomena ceased within the next few days within 
4 or 5 days after implantation.  No measurement was per-
formed until the oscillation and saturation had ceased.  
 Examples of the electrical activity of the left tempo-
ral hippocampus are shown in Figure 3.  The activity was 
recorded in three piglets while they were lying down.  
FFT analysis of the raw waves revealed large peaks in the 
power spectra at frequencies lower than 10 Hz, indicating 
that slow waves with delta rhythm (1.0–3.9 Hz) and theta 
rhythm (4.0–7.9 Hz) were predominant in these record-

Fig. 1. Experimental equipments
 A: Photograph of the transmitter.  B: The process for constructing the microdrive unit with the electrode.  C: Photograph 

of the microdrive.  Scale bar represents 1 cm.  D: Complete assembly of the electrodes with the microdrives (m1 and m2), 
transmitters in housings (h1 and h2), and a protector (p) for bilateral recordings.  Asterisks (*) represent antennae from the 
transmitters. (F) Frontal view, (L) lateral view. 
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ings.  In addition, spectral peaks were present at higher 
frequencies ranging from 10 to 20 Hz (Fig. 3A).  The elec-
trical lesion produced at the recording electrode was lo-
cated near the neural cell layer facing the fimbria or in 
the dentate area (Figs. 3A–C).  The lesion produced by 
the reference electrode on the left side was in the thalam-
ic region or the optic tectum.  From one piglet, no lesion 
produced by the reference electrode could be identified in 
the sections.  The lesion from the recording electrode was 
found outside the right temporal hippocampus proper. 
 Figures 4A and B show typical traces of hippocam-
pal electrical activity recorded at coordinates (AP–2, 
H28, L13.5) while the piglet was lying down.  In this mea-
surement, no oscillation or saturation was observed im-
mediately after surgery.  At 1 day after surgery, electrical 
activity with high amplitude and low frequency (<10 Hz; 
delta and theta) was observed (Fig. 4A(1)).  The ampli-
tude of the raw waves was <0.15 mV.  In contrast, electri-
cal activity with higher frequency (10–25 Hz) appeared 5 
days after surgery (Fig. 4A(2)).  The tip of the recording 
electrode was raised by 0.4 mm by turning a screw under 
light anesthesia (xylazine injection), and the polarity of 
the electrical activity reversed (Fig. 4B).  
 At 1 week after surgery, electrical activity with low 
frequency and high amplitude often alternated with that 
of high frequency and low amplitude, even when the pig-
let was lying down (Figs. 5A, B).  Lesions produced after 
the recordings shown in Figs. 4B, 5A, and 5B were found 
in the dentate area (Fig. 5C).  

Discussion

 This study presents a stereotaxic approach to exam-
ining the hippocampus of piglets larger than those used in 
our previous study10, and the development of a wireless 
technique for recording the hippocampal electrical activ-
ity in unrestrained piglets.  

1. Predetermined coordinates of the hippocampus 
based on external skull landmarks

 We successfully performed used a stereotaxic exam-
ination in the larger piglets and using predetermined co-
ordinates based on the external skull structure.  Thus, co-
ordinates for the hippocampus can be determined from 
external skull landmarks when the animals are of the 
same strain, sex, age, and weight.  However, the depth to 
the temporal hippocampus from the bregma was widely 
variable, ranging from 28 to 35 mm, when compared with 
the range from a lateral position of 13.0 to 13.5 mm and 
an anterior–posterior position of –2 mm to –4 mm from 
the bregma.  A combination of predetermined coordi-
nates and audible monitoring successfully enabled the 
precise placement of electrodes into the temporal hip-
pocampus of the piglets. 

2. Oscillation and saturation in the recording system
 Oscillation and saturation in the recording system 
were evident for several days after surgery in three of the 
four animals.  Possible reasons for these phenomena in-
clude the high input resistance (5 MΩ) of the electrode, 
large amplification (1000-fold) in the transmitter, and 
less cerebrospinal fluid (CSF) around the electrodes ow-
ing to loss during surgery.
 These phenomena, however, declined and ceased 
within another a few days, possibly as a result of a gradu-
al decrease in input resistance of the electrode during the 
recovery period, since the resistance of the electrode was 
<5 MΩ (1–3 MΩ) at the end of the experiment.  In addi-
tion, the ground electrode is completely immersed in the 
CSF and may be electrically stable when the subarach-
noidal space becomes filled again with CSF.  An alterna-
tive way to prevent oscillation and saturation is to lower 
the degree of amplification in the transmitter: no oscilla-
tion and saturation were observed in recordings immedi-
ately after surgery with an amplification smaller than 
100-fold in the transmitter (Fujiwara and Saito, unpub-

Fig. 2. Example of oscillation and saturation recorded immediately after surgery
 Vertical and horizontal scale bars represent 0.5 mV and 0.1 s, respectively. 
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Fig. 3. Examples of electrical activity (raw wave) recorded in the left temporal hippocampus (top) and FFT power spectrum 
through a Hanning window (bottom) in 3 piglets lying down

 Recordings were performed at 6 or 7 days after surgery.  Arrows show the lesions at the tip of the recording electrode.  
Bars represent 5 mm.



252 JARQ  43 (3)  2009

T. Saito et al.

Fig. 4. Changes in the hippocampal electrical activity by manipulating the microdrive
 A: Example of electrical activity in the hippocampus of a piglet (1) at 1 day and (2) at 5 days after surgery.  The screw of 

the microdrive has not been turned.  B: The tip of the electrode was raised 0.4 mm by turning the screw 1 day after the 
recording in A (2). Vertical and horizontal scale bars represent 0.5 mV and 0.1 s, respectively.  

Fig. 5. Changes in the electrical activity of the hippocampus (A) and compressed power spectral arrays (B; arbitrary units) 
calculated every 1.28 s (256 data) in a piglet that was lying down

 The raw wave (A) was observed between 38.3 and 41.6 s from the beginning of measurement.  The slow wave diminished 
and was replaced with a faster wave (B) at 40 to 41 s (dashed line), in which the peak lower than 10 Hz transiently de-
clined in the power spectra indicated with open stars.  (C) The arrow indicates the lesion at the tip of the recording elec-
trode.  Vertical and horizontal scale bars represent 0.5 mV and 0.1 s, respectively.
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lished observation), although waveform discrimination 
was reduced.  In a previous study11, no large oscillation 
and saturation were observed in electroencephalogram 
(EEG) measurements using ball-tipped Ag-AgCl2 elec-
trodes, which have lower resistance than the tungsten, in 
unrestrained piglets. 

3. Use of microdrive for measuring hippocampal 
electrical activity in unrestrained piglets

 This study shows that our handmade microdrive was 
successful in adjusting the tip of the electrode.  Since pig-
lets grow and develop rapidly following weaning, the co-
ordinates of the hippocampus may alter with changes in 
skull and brain size.  The temporal hippocampus is locat-
ed at least from AP0 to AP–2 in Landrace piglets (~20 
kg), but has a larger extension along the vertical axis at 
these AP levels (Saito, unpublished observation).  The 
working distance (6–8 mm) of the microdrive was calcu-
lated from the distance between the dorsal CA3 layer and 
the bottom of the dentate area, and seems to be sufficient 
for covering this area vertically.  It is possible to keep the 
electrode in place in the hippocampus for a short period 
such as 1 week without the aid of the microdrive (Figs. 3, 
4A).  However, for longer-term measurements, as per-
formed in small animals7, 12, our microdrive is probably 
necessary for adjusting the electrode in the pig hippocam-
pus, since the value of the z-axis coordinate (H) becomes 
larger and changes relative to the x- (AP) and y- (ML) 
axes.  Figure 4B showed the reverse of the polarity in the 
electrical activity from the temporal hippocampus by 
turning the screw at 6 days after surgery  (see both Figs. 
4A(2) and 4B), indicating that our microdrive can move 
and adjust the electrode in the temporal hippocampus at 
least within the first week after surgery.  However, fur-
ther examination of our device is needed for long-term 
use in pigs and for improvement of the automatic adjust-
ment of the electrode.  

4. Electrical activity recorded in the temporal  
hippocampus of unrestrained piglets

 This study demonstrates that slow waves associated 
with the delta and theta rhythms occurred frequently in 
the hippocampus while the piglets were lying down at 
rest.  The data strongly suggest that the neural mecha-
nisms causing these hippocampal theta and delta rhythms 
exist in the brain of Landrace piglets, as reported in other 
animals14.  Our observation is consistent with previous 
findings4 that indicated theta activity (~6 Hz) in the hip-
pocampus in awake pigs determined by using a wired 
system.  Even while piglets were lying down, the slow 
waves with delta and theta frequencies diminished in the 
hippocampus (Fig. 5).  A previous study by Yamamoto15 

demonstrated in the rabbit hippocampus that its EEG 
spectra show two peaks in the delta and theta wave bands, 
the heights of which change competitively with each oth-
er in association with the level of consciousness: the del-
ta-wave peak is higher and the theta-wave peak is lower 
during sleep, but the opposite during wakefulness.  Dur-
ing rest, the heights of both the delta- and theta-wave 
peaks fall between those during sleep and wakefulness15.  
Therefore, transient decreases in the delta and theta pow-
ers in unrestrained piglets (Fig. 5) may reflect arousal 
over very short periods while the piglet is lying down.  
 In conclusion, this study provides information valu-
able for the development of techniques for measuring hip-
pocampal neural activity by using a wireless system in 
Landrace piglets.  The use of a microdrive enables the 
electrode to be maintained in the hippocampus and al-
lows for the neuronal activity to be measured over a lon-
ger period, which could cover adaptive and non-adaptive 
behavioral changes to environments and emotional be-
haviors in unrestrained piglets.  

Acknowledgments

 The authors thank Ms. H. Morikawa, Neurobiology 
Research Unit, National Institute of Agrobiological Sci-
ences, for her skillful support in the surgical procedures, 
and thank the staff of the Porcine Management Section of 
the National Institute of Livestock and Grassland Sci-
ence, Tsukuba, Japan, for their skillful management and 
supply of the animals.  
 This study was supported by The Brain Atlas Proj-
ect (1998–2001), Ministry of Agriculture, Forestry and 
Fisheries of Japan, and by the Research Program of Be-
havioral Mechanisms in Domestic Animals and Insects 
(2002–2006), National Institute of Agrobiological Sci-
ences, Tsukuba, Japan.  

References

 1. Ebenezer, I. S., Kendrick, K. M. & Baldwin, B. A. (1991) 
Movable intracranial stimulating electrode system, electro-
encephalogram, and evoked potential recording in pigs and 
sheep. In Methods in Neurosciences, vol. 4, ed. Conn, P. 
M., Academic Press, San Diego, 233–249.

 2. Eichenbaum, H. (2004) Hippocampus: cognitive processes 
and neural representations that underlie declarative memo-
ry. Neuron, 44, 109–120.

 3. Felix, B., Leger, M.-E. & Albe-Fessard, D. (1999) Stereo-
taxic atlas of the pig brain. Brain Res. Bull., 49, 1–137.

 4. Forslid, A., Andersson, B. & Johansson, S. (1986) Observa-
tions on normal EEG activity in different brain regions of 
the unrestrained swine. Acta Physiol. Scand., 128, 389–
396.

 5. Holm, I. E. (1995) The hippocampal region of the domestic 



254 JARQ  43 (3)  2009

T. Saito et al.

pig. A histochemical, immunocytochemical and morpho-
logical study. Aarhus University Press, Aarhus, pp.77.

 6. Jones, J. B. et al. (2001) Acute and chronic exposure to am-
monia and olfactory acuity for n-butanol in the pig. Appl. 
Anim. Behav. Sci., 71, 13–28.

 7. Keating, J. G. & Gerstein, G. L. (2002) A chronic multi-
electrode microdrive for small animals. J. Neurosci. Meth-
ods., 117, 201–206.

 8. Lind, N. M. et al. (2007) The use of pigs in neuroscience: 
modeling brain disorders. Neurosci. Biobehav. Rev., 31, 
728–751.

 9. Lynch, M. A. (2004) Long-term potentiation and memory. 
Physiol. Rev., 84, 87–136.

 10. Saito, T. et al. (1998) Determination of stereotaxic coordi-
nates for the hippocampus in domestic pig. J. Neurosci. 
Methods., 80, 29–36.

 11. Saito, T. et al. (2005) Radiotelemetry recording of electro-
encephalogram in piglets during rest. Physiol. Behav., 84, 
725–731.

 12. Swadlow, H. A. et al. (2005) A multi-channel, implantable 
microdrive system for use with sharp, ultra-fine “Rei-
boeck” microelectrode. J. Neurophysiol., 93, 2959–2965.

 13. Szteyn, S. et al. (1980) The stereotaxic configuration of hy-
pothalamus nerve centres in the pig. Anat. Anz., 147, 2–32.

 14. Vertes, R. P., Hoover, W. B. & Di Prisco, G. V. (2004) The-
ta rhythm of the hippocampus: subcortical control and 
functional significance. Behav. Cogn. Neurosci. Rev., 3, 
173–200.

 15. Yamamoto, J. (1998) Relationship between hippocampal 
theta-wave frequency and emotional behaviors in rabbits 
produced with stresses or psychotropic drugs. Jpn. J. Phar-
macol., 76, 125–127.


