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Abstract

Cuff electrodes with headcap connectors were implanted around the rat chorda tympani nerve. Whole nerve recordings under anesthesia

were made from these nerves every week to chemical, thermal and tactile stimuli applied to the anterior tongue. The signal/noise ratio of

these recordings was similar to acute recordings from the chorda tympani nerve, and the nerves were spontaneously active. Responses to

chemical as well as thermal and mechanical stimulation of the tongue were recorded as early as 2 and 3 weeks after implantation and

recordings from the same nerve were made for more than 3 months. These results have demonstrated the feasibility of making long-term

chronic recordings of chemosensory activity in the chorda tympani nerve. The cuff electrode has great potential to provide correlative

information between neurophysiological and behavioral data. D 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Pioneering investigators studying the neurophysiology of

the peripheral gustatory system recorded responses from the

chorda tympani nerve to stimulation of the tongue with

chemical solutions [1,17,26]. In these and many later studies,

the chorda tympani branch of the facial nerve (cranial nerve

VII), which innervates taste buds on the anterior tongue, is

exposed, cut centrally and then prepared for conventional

whole nerve or single fiber neurophysiological recording.

Thus, almost all peripheral nerve recordings have been acute

short-term experiments on decentralized nerves. In addition,

because of the extensive surgical approach generally used

to expose the chorda tympani, it is not possible to make

long-term chronic recordings from the chorda tympani in

awake animals for correlative studies of afferent neural activ-

ity and behavior.

To overcome these problems, a neural implant has been

developed that consists of a cuff electrode positioned around

the chorda tympani nerve that is connected to a percutan-

eous headcap. We now present the results of these experi-

ments, demonstrating that it is possible to make long-term

chronic recordings from taste fibers of the chorda tympani

nerve in rats.

2. Methods

2.1. Cuff electrode fabrication

Cuff electrodes were fabricated from a flexible, silicon

polymer in which the recording electrode was embedded.

The electrodes were made by injecting the polymer (Kwick-

Sil, World Precision Instruments) into a mold made of a small

diameter Teflon tube. Then, a fine wire mandrel, similar in

diameter to the chorda tympani nerve, was positioned in the

polymer to create a lumen in the cuff. After the polymer set,

the mandrel was removed and a single platinum–iridium

wire (A-M systems, Teflon-coated platinum–iridium wire,

0.0014 in. diameter), insulated except at the cuff end, was

pushed into the cuff and fixed with additional polymer ma-

terial. The cuff electrode was then removed from the Teflon

tube that had been used as a mold. A second indifferent

electrode, together with the electrode wire, was reinforced

with a length of small diameter, Silastic tubing, cemented at

both the cuff electrode and headcap ends. Finally, a slot was
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cut longitudinally in the cuff to permit placement of the nerve

into the cuff lumen.

The headcap consisted of a machined titanium housing

with a base flange, containing holes to fasten the housing to

the skull with titanium screws [3]. Inserted into the housing

was a Teflon connector with four embedded gold pins that

go all the way to the bottom of the Teflon insert. The

electrode and indifferent electrode wires were soldered to

the base of two gold pins. An additional pin was connected

to the titanium housing and served as a ground connection.

Similar cuff electrodes have been described by others and

describe the fabrication process in some detail [7,8,21].

2.2. Surgery

Female Sprague–Dawley rats weighing 200 g were

anesthetized with an intraperitoneal injection of sodium

pentobarbital (50 mg/kg body weight) and laid supine on

a heating pad. A midline incision was made in the skin

overlying the anterior belly of the digastric muscle, which

was separated from the masseter muscle by blunt dissection.

The lingual nerve was exposed and followed until the

chorda tympani nerve separates from it.

A second incision was made through the skin on the skull

and via blunt dissection. Using a fine hemostatic forcep, a

tunnel was made along the skull inside of the zygomatic arch

towards the exposed chorda tympani nerve. The implant was

passed through the tunnel and the headcap secured with

titanium screws (W. Lorenz, 1 mm diameter, 4 mm long).

The chorda tympani nerve was carefully freed from sur-

rounding connective tissue and placed through the slot into

the lumen of the cuff electrode. The nerve was secured in the

cuff by application of additional silicon compound, which

fills the slot in the cuff.

All incisions were closed using 5-0 suture and a record-

ing was made from the cuff to tongue application of 1-M

NaCl and tactile stimulation. The ability to record responses

to these two stimuli was generally indicative of a successful

implant. Rats were given a postsurgical regimen of anti-

biotics and carefully monitored until they began to feed. The

rats were housed individually on ad lib food and water and

were checked daily for any signs of postsurgical discomforts

or stress. Surgical procedures were carried out under

National Institutes of Health and the University of Michigan

Animal Care and Use Committee approved protocols.

2.3. Electrophysiological recordings

After the cuff electrode had been in place for 2 weeks to

permit complete healing, electrophysiological recordings

were made every week. The rats were anesthetized with a

short-acting anesthetic consisting of an intramuscular injec-

tion of a 1:1 mixture of Rompun (2 mg/kg body weight) and

ketamine (10 mg/kg body weight). This provided about 1/2 h

of surgical level anesthesia for recording. During all testing,

the rat’s cornea was protected from desiccation by applying

a protective ointment.

Once the animal was anesthetized, the external amplifying

equipment was connected to the headcap plug. The anesthe-

tized animal was laid on its side and the tongue retracted to

expose the fungiform papillae and associated taste buds. The

chorda tympani nerve responds to mechanical, thermal and

chemical stimulation of the tongue [18,25] and all of these

stimulus modalities were used in our experiments. Mech-

anical and thermal stimuli consisted of stroking the tongue

with a blunt rod and applying 2 �C water, respectively.

Chemical stimuli, at room temperature, applied at 0.5 ml/s

through a gravity flow system to the exposed tongue tip, were

a concentration series of 0.01–1.0-M NaCl, 1-M NH4Cl,

0.01-M HCl, 1.0-M citric acid, 0.1-M QuHCl and 1.0-M

Fig. 1. Recording from a chorda tympani nerve 5 weeks after implantation.

The upper record is of the amplified neural discharges and the lower record

is the integrated responses.
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Fig. 2. Integrated records of neural responses from the chorda tympani nerve of an animal recorded at 3–7 weeks after implantation. All the stimuli used and the NaCl response–concentration series are illustrated

in this figure. T =mechanical stimulation and cold = 2 �C water. The other stimuli are specified in Methods.
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sucrose, freshly diluted prior to each experiment. All so-

lutions were made in distilled water and applied at room

temperature. Stimuli were flowed over the tongue for � 20 s

and the tongue was then rinsed continually for 30 s before

the next stimulus was applied. NaCl (0.1 M) was applied

several times to monitor the stability of the recordings and

control for any long-lasting effect that stimuli may have on

the receptors.

2.4. Data analysis

The recording equipment consisted of a high gain AC

amplifier (Grass P511), an oscilloscope and an audio amp-

lifier. In addition, the amplified signals were connected to an

A/D converter (Cambridge Electronic Design 1401 Plus)

interfaced to a computer. Data were acquired by the soft-

ware program Spike 2 (Cambridge Electronic Design). To

facilitate analysis of the whole nerve data, it was first

rectified and then filtered to create a running average of

the responses [1]. In the past, this form of data reduction, to

create what has been termed an integrated response, was

achieved electronically. We accomplished this analysis with

a software routine written in the script language that comes

with the Spike 2 software. The data were stored on the hard

drive of the computer. Gain and bandwidth of the amplifier

remained the same for all of the recording sessions.

After termination of the experiment, the whole nerve and

integrated data were printed. For each stimulus, the average

height of the steady-state portion of the integrated response

during the 5–10th s above baseline was measured as

response units (mm). To compare the integrated response

magnitude among different stimuli, and from week to week

in the same animal, relative response ratios were calculated.

For each experiment, the response of a particular stimulus

was calculated relative to the response to 0.1-M NaCl. The

response–concentration curve for NaCl was fitted using the

Boltzman equation.

3. Results

Chronic long-term recordings from the same chorda

tympani nerve were successfully accomplished in nine ani-

mals. Examination of the whole nerve neural recordings from

the cuff electrode (Fig. 1) reveals that nerves were sponta-

neously active and the signal/noise ratio was comparable to

published recordings from cut decentralized nerves [6,10].

Responses to chemical as well as thermal and mechanical

stimulation of the tongue were recorded as early as 2 and

3 weeks after implantation. An example of the responses

recorded for Weeks 3–7 to mechanical, thermal and chem-

ical stimulation of the tongue is shown in Fig. 2. This figure

illustrates robust responses to mechanical and thermal stimu-

lation at 3 weeks after implantation and responses to a

concentration series of NaCl and other chemical stimuli.

Recordings were made on a weekly basis for periods

ranging from 3 to 16 weeks. Fig. 3 shows recordings of the

integrated data from an animal at 12 and 14 weeks after

implantation, illustrating that the quality of the data recorded

from the same nerve is maintained for over 3 months.

Fig. 3. Integrated records of responses of a chorda tympani nerve at 12 and 14 weeks after implantation, illustrating the possibility of recording robust taste

responses from the same chorda tympani nerve for long time periods.
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Experiments were terminated either due to mechanical

failure (usually after the headcap was lost or became loose)

or because the signal/noise ratio deteriorated. In a study of

the cat sciatic nerve implanted with a cuff electrode, Loeb

and Peck [9] report that the eventual decline in response

results from proliferation of connective tissue into the cuff.

However, it was possible to make chronic high-quality,

whole nerve recordings from the same chorda tympani

nerve for up to 16 weeks.

3.1. Responses to a NaCl concentration series

Responses to a concentration series of salts have been well

documented in the cut chorda tympani nerve [1,11]. There-

fore, response–concentration functions provide a valuable

indicator of the integrity of taste nerve responses. An example

of the chronic responses to an increasing concentration of

NaCl is presented in Fig. 4. Data plotted in Fig. 4A are the

integrated response units measured weekly from 3 to 7 weeks

after implantation. These same data are plotted as mean val-

ues for all weeks in Fig. 4B and demonstrate that the chronic

chorda tympani nerve recordings have a similar dynamic

response range as that reported in the literature. However, the

shape of the response–concentration curve in the chronic

recordings differs from the curve in the acute recordings in

which the nerve is cut (Fig. 4B). The concentration function

generated from the cuff electrode recordings saturates at

0.25 M, whereas the curve for the acute recordings saturates

between 0.5 and 1.0 M of NaCl. The data used to generate the

acute response–concentration curves were derived from

unpublished experiments conducted some time ago.

3.2. Relative responses to the four basic taste qualities

Calculations of the ratio of the integrated response mag-

nitude to 1.0-M NaCl and 1.0-M NH4Cl, relative to the

response magnitude to 0.1-M NaCl, are presented in Fig. 5.

For all the animals, the response to NH4Cl was always

larger than the response to NaCl (see also Fig. 1). Examples

of these response ratios recorded weekly in two animals are

Fig. 4. (A) Response–concentration functions recorded weekly from one

animal. (B) Mean and standard errors of the data derived from (A). When

compared to concentration functions derived from recordings in an acute

preparation in which the nerve is cut, the response–concentration curve

from the cuff electrode recordings is shifted to the left. The curves were

fitted using the Boltzman equation.

Fig. 5. Ratios of responses to 1.0-M NaCl and 1.0-M NH4Cl relative to the

response to 0.1-M NaCl for two animals (A and B) recorded weekly.
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shown in Fig. 5A and B, with a response to 1.0-M NH4Cl

persistently greater than the response to 1.0-M NaCl. In

Fig. 6A and B, the response ratios of the chorda tympani

nerve to 0.01-M HCl, 0.1-M quinine HCl and 1-M sucrose,

relative to 0.1-M NaCl, are plotted on a weekly basis (see

also Fig. 1). In these two animals, the order of response

magnitude is HCl >QuHCl > sucrose.

4. Discussion

To our knowledge, these are the first long-term chronic

recordings from the uncut chorda tympani nerve. The

responses have an excellent signal/noise ratio and are very

stable, permitting repeated analysis of mechanical, thermal

and chemical responses from the same animal over time.

The only other recordings from the gustatory system of the

same animal over time are extracellular recordings from

neurons in the central nervous system in rats and monkeys

[12–16,20,22,23]. The goals of these experiments differ

from those of the present study. In recordings from the

ascending taste relay nuclei, the aim was not to record from

the same neuron over time but to record from gustatory

neurons in awake animals to eliminate the effect of anes-

thesia on CNS neurons and permit recordings to be made in

behaving animals.

Although the chorda tympani nerve is not cut in the cuff

electrode experiments, and taste evoked recordings could be

made from the chorda tympani at the time of implantation,

the nerve then became insensitive. After a minimum of

2 weeks of postimplantation, the nerve regained its sensi-

tivity. Apparently, therefore, the nerve degenerated and then

regenerated. The time course of the return of responsiveness

suggests that the surgery to place the cuff electrode was

similar to performing a nerve crush. Other investigators have

crushed the chorda tympani and glossopharyngeal nerves in

rats [4,24], gerbils [5] and cats [19] to evaluate the recovery

of the peripheral taste system. After nerve crush, although

the number of myelinated fibers in the chorda tympani is

decreased, the number of taste buds approached control

numbers. Moreover, by 4 weeks, responses to taste stimuli

were similar to recordings made in control animals [4]. Thus,

the recordings made using a cuff electrode are probably

similar to acute short-term recordingsmade immediately after

the nerve is cut.

The ability to make chronic recordings from a peripheral

nerve has been the goal of numerous investigators. The cuff

electrode is a relatively simple approach to achieve this

goal, and as we have demonstrated, it is capable of record-

ing from afferent nerve fibers for a long time. As a research

tool, it has, therefore, great potential for providing informa-

tion on afferent nerve activity and, when the recordings are

performed in unanesthetized behaving animals, will provide

correlations between behavior and neural activity. Cuff

electrode recordings will also be extremely useful to exam-

ine the influence of various interventions on taste responses,

eliminating the need to compare control and experimental

animals. For example, it will be possible to directly deter-

mine the effect of a mitogen or drug treatment on taste

responses in the same animal.

However, to examine other changes in taste response

over time would require recordings from single fibers. For

example, to examine the pattern of neural activity during the

life cycle of a taste cell [2] single fiber recordings is ne-

cessary because recordings from the whole nerve represent

an average of all the fiber activity.

In conclusion, we have demonstrated the feasibility of

making long-term chronic recordings of chemosensory

activity in the rat chorda tympani nerve. The cuff electrode

has great potential when combined with other experimen-

tal procedures for answering new questions about mecha-

nisms of taste coding and the stability of the taste responses

over time.
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