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Rowland, Nathan C. and Dieter Jaeger. Coding of tactile response
properties in the rat deep cerebellar nuclei. J Neurophysiol 94:
1236–1251, 2005; doi:10.1152/jn.00285.2005. In the lateral hemi-
spheres of the cerebellar cortex, somatosensory responses are repre-
sented in a finely grained fractured somatotopy. It is unclear, however,
how these responses contribute to the ultimate output of the cerebel-
lum from the deep cerebellar nuclei (DCN). Robust responses of DCN
neurons to somatosensory stimuli have been described, but a detailed
examination of their somatotopic arrangement and stimulus coding
properties is lacking. To address these questions, we recorded extra-
cellular, single-unit activity in the DCN of ketamine-anesthetized rats
in response to air-puff stimuli aimed at six different orofacial and
forelimb locations. In additional experiments, the duration and inten-
sity of air-puff stimuli to the ipsilateral upper lip were systematically
varied. Overall, we found that DCN neuron responses to air puff
stimuli showed combinations of three distinct response components: a
short-latency spike response, a pronounced inhibition, and a long-
latency increase in firing. Individual neurons responsive to air-puff
stimulation exhibited any combination of just one, two, or all three of
these response components. The inhibitory response was most com-
mon and frequently consisted of a complete cessation of spiking
despite a high spontaneous rate of baseline firing. In contrast to
published findings from cerebellar cortical recordings, the receptive
fields of all responsive neurons in the DCN were large. In fact, the
receptive field of most neurons covered the ipsi- and contralateral face
as well as forepaws. Response properties of individual neurons did not
reliably indicate stimulus intensity or duration, although as a popula-
tion DCN neurons showed significantly increasing response ampli-
tudes as air-puff intensity or duration increased. Overall, the responses
were characterized by a distinct temporal profile in each neuron,
which remained unchanged with changes in stimulus condition. We
conclude that the responses in the DCN of rats to air-puff stimuli
differ substantially from cerebellar cortical responses in their recep-
tive field properties and do not provide a robust code of tactile
stimulus properties. Rather, the characteristic temporal response pro-
file of each neuron may be tuned to control the timing of a specific
task to which its output is linked.

I N T R O D U C T I O N

The cerebellum receives a large number of somatosensory
afferents both from ascending spinal and trigeminal pathways
as well as from descending cortical pathways via the pontine
nuclei. In anesthetized rats, tactile stimulation of different body
parts leads to strong cerebellar cortical responses in the granule
cell layer of the cerebellar hemispheres (Kassel et al. 1984;
Morissette and Bower 1996; Shambes et al. 1978) and overly-
ing Purkinje cells (Bower and Woolston 1983). Strong sensory
responses to perioral stimulation in the granule cell layer of
crus IIa are also maintained in the freely moving awake rat
(Hartmann and Bower 2001). The receptive field structure of

these responses has been described as a fractured somatotopy
(Kassel et al. 1984; Shambes et al. 1978). That is, the receptive
fields of adjacent cerebellar cortical patches do not represent
adjacent skin areas, and multiple patches exist for the same
skin area (Bower and Woolston 1983; Shambes et al. 1978). In
the paramedian lobule, input from paws, hindlimb, trunk, and
perioral structures can be adjacent to each other, whereas in
Crus IIa, a finer grained map of predominantly perioral struc-
tures is found (Shambes et al. 1978). Climbing fiber input to
the same cerebellar cortical areas also shows small cutaneous
receptive fields broken up into parasagittal zones (Ekerot and
Larson 1980; Garwicz et al. 1998) or patches (Brown and
Bower 2001) that do not represent a contiguous body map.

Cerebellar cortical activity does not control cerebellar output
directly, as an additional processing stage is inserted in the
deep cerebellar nuclei (DCN), the sole target of Purkinje cell
output except for a small projection to the vestibular nuclei. In
the DCN, collaterals of ascending mossy fibers and climbing
fibers have an excitatory action via AMPA and N-methyl-D-
aspartate (NMDA) receptors (Anchisi et al. 2001). In contrast,
Purkinje cell input to DCN neurons relays the processed output
from the cerebellar cortex via GABAA inhibitory synapses,
specialized to follow high-frequency Purkinje cell firing (Tel-
gkamp et al. 2004). Primarily, DCN activity has been studied
with respect to eye and limb movement execution. In behaving
animals, a clear modulation in activity is present in relation to
eyeblink responses (Gruart and Delgado-Garcı́a 1994; Gruart
et al. 2000), smooth eye movement and saccades (Gardner and
Fuchs 1975; Hepp et al. 1982; Ohtsuka and Noda 1991), or
limb movement (MacKay 1988; Thach 1968; Van Kan et al.
1993). Limb-movement-related activity is enhanced when
movements are executed with respect to sensory inputs (Gao et
al. 1996; Gibson et al. 1996). Far fewer studies have examined
sensory responses of DCN neurons. Consistent sensory re-
sponses were found for electrical nerve stimulation (Armstrong
and Rawson 1979b; Armstrong et al. 1975; Eccles et al.
1974a), and tactile (Armstrong et al. 1975; Cody et al. 1981;
Eccles et al. 1974a) stimulation. These responses are generally
composed of a brief early spike response followed by a strong
inhibition, which then may be followed by a late phase of
increased activity. During the execution of trained behaviors,
DCN neurons in monkeys exhibit sensory responses to visual,
auditory, and somesthetic cues (Chapman et al. 1986)

Previous studies of cutaneous responses in the DCN did not
address their receptive field structure or the coding properties
of tactile responses with respect to stimulus parameters such as
intensity and duration. The primary goal of our study therefore
was to determine how DCN responses compare with cerebellar
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cortical responses in their receptive field structure when match-
ing stimulus conditions in the anesthetized rat preparation are
used. Furthermore, we were interested in determining whether
tactile responses were sensitive to the amplitude and duration
of the stimulus because this aspect has not been previously
investigated. To address these questions, we recorded re-
sponses in all three deep cerebellar nuclei to focal cutaneous
air-puff stimulation with varying stimulus positions on the face
and the limbs and in separate experiments with varying stim-
ulus intensity or duration.

M E T H O D S

Surgery

All procedures were approved by the Institutional Animal Care and
Use Committee of Emory University and were in accordance with
National Institutes of Health guidelines. Twenty-one male Sprague-
Dawley rats (Charles River Laboratories, Wilmington, MA) of age
50 –100 days (300 – 600 g) were anesthetized with a mixture of
ketamine (100 mg/kg), xylazine (5.2 mg/kg), and acepromazine
(1 mg/kg) administered intraperitoneally. After an initial injection, the
anesthetic mixture was continually infused by a syringe pump at a rate
sufficient to suppress the foot-withdrawal reflex of the animal. The
rate was increased as needed during the experiment when the foot-
withdrawal reflex became clearly noticeable with a strong toe pinch.
The rate was decreased when the rate of the heart beat, which was
digitally displayed and made audible through a speaker, slowed
significantly. The animal’s body temperature was monitored using a
rectal temperature probe and maintained at 36°C by feedback through
a heating blanket. The animal’s head position was secured using a
custom-built stereotaxic frame that allowed access to the orofacial
area of the animal for air-puff stimulation. The skull overlying the
cerebellum was removed and the dura underneath resected. A ring of
dental acrylic (A-M Systems, Carlsborg, WA, Model No. 525000)
was poured on the skull around the opening and secured with super-
glue to form a basin. This basin was filled with warm mineral oil to
prevent drying of the brain surface.

Recording

Glass electrodes were pulled from 1.2 mm OD capillaries with
filament (World Precision Instruments, Sarasota, FL, Model No.
TW120F-3) to a tip diameter of 5–10 �m (mean impedance � 5 M�).
The electrodes were filled with 3% Chicago Sky Blue (Sigma-Aldrich,
St. Louis, MO, No. C-8679) in 0.5 M sodium acetate for extracellular
recordings from the deep cerebellar nuclei (DCN). Electrodes were
lowered between 3 and 4 mm below the cerebellar cortical surface to
reach the DCN. DCN neurons were provisionally identified by re-
cording depth and their acoustic signature on the sound monitor. The
signal was filtered between 300 Hz and 5 kHz and amplified 10,000
times using a differential AC amplifier (A-M Systems). A chloridized
silver wire implanted subcutaneously behind the skull was used as
reference electrode. The amplifier output was visualized on an oscil-
loscope and discrete trials of 3-s duration were digitized at a sampling
rate of 10 kHz and stored on a PC using custom-written data-
acquisition software. Neurons were selected for recording based on
the emergence of single, identifiable spikes from the noise level on
oscilloscope traces and an apparent responsiveness to ipsilateral
upper-lip air puff stimulation. Neurons that showed no sign of a
response to the stimulus were abandoned. This was the case for �25%
of all recordings. Recordings were also aborted when clear shifts in
baseline firing properties were observed.

After recording from a neuron, the recording site was marked by
iontophoretically ejecting Chicago Sky Blue dye with the recording
electrode as positive and a subcutaneous silver wire as negative.

Continuous current (5 �A for 5 min) was used to emit enough
Chicago Sky Blue dye to result in a clearly identifiable blue dot of
�50–100 �m diam in histological sections. Only neurons with a
histologically verified location in the deep cerebellar nuclei (see
following text) were included in the data set.

In a smaller number of animals (n � 5), recordings of local field
potential activity in the granule cell layer of crus IIa were obtained
during spontaneous activity and with the same orofacial air-puff
stimuli as used for DCN recordings. The signal from 5-M� tungsten
microelectrodes (A-M Systems, Model No. 575300) was band-pass
filtered between 1 and 500 Hz, amplified 1,000 times, and digitized at
10 kHz. The recording electrode was placed 4 mm laterally from the
midline and in the granule cell layer in the center of crus IIa of each
hemisphere. Electroencephalographic (EEG) recordings were also
obtained from five animals in conjunction with DCN single-neuron
recording. A skull screw (Fine Science Tools, 19010-00) was attached
to a wire-lead and implanted over contralateral frontal cortex. The
reference potential for the EEG recording from this skull screw was
also obtained from the chloridized silver wire inserted below the skin
of the neck. The signal was band-pass filtered between 1 and 500 Hz
and digitized at 10 kHz.

Histology

At the end of each experiment, animals received an ip injection of
1 ml of Nembutal (50 mg/ml, Abbott Laboratories, North Chicago,
IL). After 10 min, the absence of all deep reflexes was verified, and
animals were perfused transcardially with a solution of 15% sucrose
in 10% phosphate buffered formalin (No. SF100-4, Fisher Scientific,
Pittsburgh, PA). The cerebellum was removed and placed in this same
solution for 24 h and then transferred to a 30% sucrose �10%
phosphate buffered formalin solution for an additional 24 h. The
cerebellum was sectioned in 50-�m horizontal slices using a Reichert-
Jung Kryostat (2800 Frigocut-E, Leica Microsystems, Bannockburn,
IL) and sequentially mounted onto microscope slides. The boundaries
of the nuclei were apparent in fresh tissue, as were the Chicago Sky
blue marks. A mild cresyl violet counterstain was applied to enhance
the visibility of distinct nuclei. Recording locations were identified as
being in a particular nucleus based on the location of the blue marker
with respect to cresyl violet stained nuclei. Those slices that contained
blue markers inside the nuclei were digitally photographed and stored
on a PC. All chemicals were obtained from Sigma Chemical unless
otherwise noted.

Stimulation protocols

Air-puff stimulation was used throughout as a convenient means to
cause precisely timed skin indentation of adjustable amplitude in
different positions. This type of stimulation has been shown to be a
reliable and convenient method to exert controlled pressure pulses on
the skin (Hashimoto 1999). Air puffs were applied via Pasteur pipettes
(tip diameter � 1 mm) with the tip placed 2–4 mm from the skin
surface. A Picospritzer III (Parker Instrumentation, Fairfield, NJ) was
used to regulate air-supply pressure and to control the air-puff timing
via digital pulses to the external valve controller. This instrument
allows the timing of valve control with a 1-ms time resolution. The
time to full opening/closing of the valve is specified as 2.5 ms by the
manufacturer. Air-supply pressure was adjusted between 10 and 50
psi. These supply pressures corresponded to the following gram
weights of static air pressure when the tip of the stimulation pipette
was directed onto an electronic balance at a distance of 3 mm: 10 psi:
0.29 g; 20 psi: 0.49 g; 30 psi: 0.95 g; 40 psi: 1.56 g; and 50 psi: 1.85 g.
A delay between triggering the Picospritzer and the onset of the air
puff was given by the movement of the air puff through the 10-in
length of access tubing. This delay was measured as 5 ms by puffing
onto the shaft of a microelectrode, which evoked an immediate
microphonic response. An ultra-high speed video (500 frames/s) of
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the air-puff stimulation on the face showed a primary indentation of
the skin subjacent to the stimulus pipette (see supplementary on-line
material). A wider circle of skin of �1–2 cm diameter showed a
10-ms lasting ripple due to the elastomechanic properties of the
stimulated skin, which induced a brief deflection of some macrovibris-
sae. This secondary response and whisker deflection was not visible
by eye, however. A direct whisker deflection by air-movement was
carefully avoided. A quick mechanical advance of the stimulation
pipette to indent the lip showed a similar sequence of primary
indentation and secondary brief spread of a ripple and whisker
deflection when examined by high-speed video. We chose air puffs
over the use of a mechanical tapper because the latter are typically
bulky and relatively immobile, which makes them unfit for multiple
relocations while holding a single cell recording. The Picospritzer
valves also produced an audible click with each air puff. To determine
whether a possible auditory component of observed neural responses
was present, the air-puff pipette was turned away from the animal
while the valve was kept in the same place. In all cases, this control
stimulus led to a complete cessation of field-potential responses in the
granule cell layer (n � 10) and single-neuron responses in the deep
cerebellar nuclei (n � 4).

In a first set of experiments DCN neurons were recorded while the
air-puff stimulus was varied among six different locations on the
animal’s body: ipsi- and contralateral upper lip, lower lip, and fore-
paw. All paw stimulation was performed on the dorsal hairy surface
of the paw. An air puff duration of 5 ms and an intensity of 30 psi
supply air pressure were kept constant during these “location” exper-
iments. For each location, a block of 50 trials of DCN activity was
recorded, in which 0.5-s prestimulus and 2.5-s poststimulus activity
were acquired. In a second set of experiments, the stimulus location
was kept constant at the ipsilateral upper lip, while the intensity of
5-ms air-puffs was varied among 10, 20, 30, 40, and 50 psi. In a third
set of experiments, the stimulus duration was switched between 5- and
500-ms duration while the stimulus location was held constant at the
ipsilateral upper lip and the intensity at 30 psi air supply pressure. For
each recording, the sequence of different stimuli used was randomized
using a random number generator and blocks of 50 trials were
obtained for each stimulus condition.

Data analysis

Spike times were extracted from analog data off-line using a
software-based window discrimination procedure. The isolation of
spikes in the raw data signal was generally excellent (see Fig. 2A for
typical signal) due to the fine tip and high impedance of the electrodes
used and manual optimization of electrode positioning for maximal
signal-to-noise ratio. Spontaneous activity was analyzed from 10 trials
of 10-s duration without air-puff stimulation. These data were used to
construct inter-spike interval (ISI) and autocorrelation histograms and
to analyze mean firing rates and spike irregularity measured by the
coefficient of variation (CV) of ISIs. Peristimulus time (PST) histo-
grams were constructed from recorded blocks of 50 trials for each
stimulus condition for the analysis of sensory responses. To perform
a statistical analysis of spike rate changes with respect to air-puff
stimulation, an analog representation of each spike train was con-
structed using Gaussian local rate coding (Paulin 1995). In this
method, each spike in a trial is first convolved with a Gaussian with
an area of 1.0 and a specific width (time between peak of Gaussian
and decay to 1/e1/2 of peak amplitude), and then the sum of all
Gaussians is obtained to result in an analog trace representing instan-
taneous spike rate. To identify statistically significant responses to
air-puff stimuli, we looked for poststimulus excursions of the mean
instantaneous frequency that exceeded three times the value of the
mean SDs of the prestimulus period. The use of this method allowed
a statistical comparison of poststimulus response amplitudes and
durations across cells and stimulus conditions. The choice of width of
the Gaussian determines the time window over which each spike

contributes to the analog representation of instantaneous spike rate.
We used a width of 1, 5, and 20 ms to determine the occurrence of
spike rate changes of short, intermediate or long durations, respec-
tively (see RESULTS). Different Gaussian widths were required to
determine the presence of responses of different durations because the
choice of width is analogous to a filter that represents spike rate
changes around a limited range of durations (Fig. 3B).

Spike time discrimination and Gaussian local rate coding were
performed in a custom program for neural data analysis written in C.
Statistical analysis was performed in SigmaStat (Systat Software,
Point Richmond, CA), Microsoft Excel and MATLAB (The Math-
works, Natick, MA). All other analyses were performed in MATLAB.
For comparing the means of two groups of measurements, a Student’s
t-test was used. For comparing the means of three or more groups of
measurements, a one-way ANOVA was used. When means were
compared between three or more conditions across measurements
from the same neurons, a repeated-measures (RM) ANOVA was used.
This test is statistically equivalent to a paired t-test for three or more
groups. Tukey’s post hoc analysis and a variant of Tukey’s used in
MATLAB, Tukey-Kramer’s post hoc analysis, were used to extract
significant differences in pair-wise comparisons from ANOVA re-
sults. Tukey’s test is a standard post hoc analysis used in statistical
software packages, and has the advantage of being conservative due to
its protection against type I errors.

R E S U L T S

Anatomical location of recorded neurons

We recorded neurons from all three DCN to be able to
compare response properties to tactile stimulation between
different functional cerebellar circuits. For each of our sets of
experiments, varying stimulus location, intensity, and duration,
neurons were sampled from most areas of each nucleus (Fig.
1), with the exception of the medial part of the nucleus
interpositus. A total of 59 neurons were recorded with full data
sets consisting of 50 trials for each stimulus condition.

FIG. 1. Anatomical reconstruction of recording sites. The reconstructed
sites of recorded neurons within the deep cerebellar nuclei (DCN) are indicated
by symbols and categorized by the stimulation sets used: E, location; �,
intensity; Œ, duration. These recording sites are superimposed on a horizontal
atlas section of the rat deep cerebellar nuclei (Paxinos and Watson 1998). M,
medial nucleus; AI, anterior interposed nucleus; PI, posterior interposed
nucleus; L, lateral nucleus. The recording locations in relation to nuclear
boundaries were obtained by examining the placement of Chicago Sky Blue
dots ejected through the recording electrodes in sections cross-stained with
cresyl-violet.
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