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a b s t r a c t
On the ventral surface of all scorpions are jointed appendages called pectines, which possess thousands of sensory sensilla. Researchers have electrophysiologically examined these peg sensilla in the
past, providing evidence for their chemosensitivity and intra-peg synaptic interactions. However, limits
to extracellular recording and chemical stimulation have impeded further research. In this study, we
develop and apply a new tip-recording technique for stimulating and recording peg neurons. Relative
to previous methods in pecten electrophysiology, this technique allows for very fast and efﬁcient data
assembly. Using it, we captured sensilla chemoresponses to aqueous stimulants. We see utility in this
method for advancing our understanding of sensory physiology; speciﬁcally, we suggest this technique
may be useful for physiological assays on scorpion and other arthropod chemoreceptors, such as insect
and crustacean gustatory sensilla.
Published by Elsevier B.V.

1. Introduction
All scorpions have elaborate mechano- and chemosensory
structures called pectines that are ground-directed and mediate
food- (Krapf, 1986; Skutelsky, 1995) and mate-ﬁnding behavior
(Gafﬁn and Brownell, 1992, 2001). Pectines are bilateral, movable
appendages that extend from the ventral surface of the mesosoma (Fig. 1). Each pecten supports numerous sensilla-bearing
teeth (Carthy, 1966). These sensilla contain an estimated 12–15
chemosensory neurons, about half of which are detectable via
extracellular recording (Gafﬁn and Brownell, 1997a; Wolf, 2008).
Additionally, sensillar neurons process sensory information at the
pecten periphery. Morphological studies indicate the presence of
axo-axonic synaptic contacts within individual sensilla (Foelix and
Müller-Vorholt, 1983) and electrophysiological data support these
ﬁndings. Excitatory, inhibitory, or both types of synaptic interactions have been described for four scorpion species (Gafﬁn and
Brownell, 1997b; Gafﬁn, 2002; Knowlton and Gafﬁn, 2009).
Compared to the substantial literature on antenniform olfaction, far less exists on the structure and function of ground-based
chemosensory systems. The only analogous (non-antenniform)
sensory organs to pectines are the malleoli (Brownell and Farley,
1974) on solpugids (“camel spiders”, Arachnida, Solifugae), animals
that are difﬁcult to collect and maintain in a laboratory setting.
In contrast, scorpions are readily available, easy to maintain in
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the laboratory, and have exceptionally stable electrophysiological
characteristics (Gafﬁn and Brownell, 1997a). In addition, pectines
preserve topographic information about stimulus location on the
ground (Brownell, 1998). The projections of pectinal neurons maintain a precise, tooth-speciﬁc order as they impinge ipsilaterally on
distinct glomeruli at the posterior part of the subesophageal ganglion. This apparent chemosensory ‘map’ in the scorpion brain is not
as apparent in solpugid malleoli projections where the glomeruli
are larger and fewer in number.
The topographically ordered and highly accessible pecten shows
great promise for advancing our understanding of peripheral
sensory processing; until recently, however, we were unable to
selectively isolate chemical stimulation to only one peg, which
limited the scope of electrophysiological investigation. Previous
electrophysiological experiments on scorpion peg sensilla have
used two methods to stimulate chemosensory neurons. In the
blown-stimulant method, an electrode is inserted into the base
of a single sensillum to record neural activity while volatile
organic compounds are blown across the peg ﬁeld (Gafﬁn and
Brownell, 1997a). In the static-odorant method, a volatile compound is introduced via a static source to within microns of the
recorded sensillum’s pore (Gafﬁn and Walvoord, 2004). Both methods have limitations. For example, the exact concentration of
gaseous molecules reaching the sensillar pore is unknown and may
vary for each sensillum, making quantitative comparisons of neural responses difﬁcult. Additionally, introducing a stimulant to one
sensillum without exposing the neighboring sensillum to the stimulant is impossible for both methods; stimulating a neighboring
sensillum may alter the neural response of the recorded sensillum.
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Fig. 1. Pecten functional anatomy. (a) Pectines extend from the ventral surface of the scorpion abdomen and sweep intermittently against the substrate as the animal walks.
Pictured: ventral surface of male, Hadrurus arizonensis. (b) Like a comb, movable teeth extend from a pectinal spine. (c) Drawing of the ground-facing surfaces of three teeth.
Note the dense ﬁelds of peg sensilla, which are depicted as small circles. (d) Ventral view of three sensilla, each has a slit-shaped pore.

Lastly, removing the stimulant from the peg ﬁeld is uncontrollable.
To overcome the limitations of previous methods of chemical
stimulus delivery, we developed a new method called the mineral
oil ﬂood technique, which exploits oil’s hydrophobicity (Knowlton
and Gafﬁn, 2009). In this method, the peg ﬁelds are submerged
in a drop of oil and individual pegs are directly contacted with a
minute glass capillary tube ﬁlled with a water-soluble stimulant.
Because an aqueous stimulant does not mix with the mineral oil
medium, this method allows a known concentration of ﬂuid stimulant to reach a single sensillar pore. In the present study, we expand
this technique by combining the use of oil with a tip-recording
conﬁguration to signiﬁcantly increase the efﬁciency and scope of
pecten electrophysiology. In this paper, we describe and apply our
new pecten tip-recording method, and we establish the response
characteristics of sensilla to selected aqueous tastants.
2. Materials and methods
2.1. Animals
The animals used for this study were mature, female Paruroctonus utahensis (Williams 1968) (Scorpiones: Vaejovidae) collected
on March 19, 2009 in Crane County, Texas, USA (31◦ 28 59 N,
102◦ 40 38 W). We housed the animals individually in 3.8 l glass
jars, with a ﬂoor diameter of 15 cm, and which contained sand
from the scorpions’ native habitat. The animals were kept in a room
with consistent temperature and humidity (22 ◦ C, RH 55–60%) and
a 15:9 h L:D cycle (L: 07.00–22.00 h, D: 22.00–07.00 h). We fed the
scorpions an early-instar cricket once every 2–3 weeks and gave
approximately 5 ml of potable water twice a week by saturating a
portion of the substrate.
2.2. Live animal preparation
We prepared live, intact scorpions for our experiments. We
immobilized the experimental animal by chilling at −5 ◦ C for 2 min,
then placed it ventral side up on a microscope slide (7.62 × 2.54 cm)

and used clay to restrain the animal’s stinger, tail, legs, and pedipalps.
We constructed a miniature, custom-ﬁt chamber to contain
the animal’s right pecten along with a drop of mineral oil. We
placed double-sided adhesive tape (Ted Pella, Inc. Lift-N-PressTM
tab 16082) on one surface of a cover glass (5 × 18 mm). All edges
of the cover glass, except for the anterior edge, were dipped in
melted wax (100% beeswax chips), creating walls of wax (≈1 mm
high). After placing the chamber on the animal’s ventral mesosoma
(slightly caudal to the genital operculum), we used ﬁne forceps
to position the right pecten within the chamber, on the adhesive
ﬂoor. We then sealed the chamber by placing melted wax along the
anterior edge of the glass, which also secured the animal’s pectinal spine. One hour before recording from peg sensilla, we added
approximately 5 l of non-polar mineral oil to the chamber.
After pecten chamber construction, we inserted a silver wire
between tail segments 4 and 5, making wire-to-hemolymph contact. This wire served as our indifferent electrode for the duration
of the experiment. To view peg sensilla, we positioned the animal
on an adjustable stage beneath a high-power microscope (Olympus
BX50-WI) equipped with epiluminescence and long working distance objectives. The entire preparation, including the animal, the
microscope, and micromanipulators, was supported on a vibrationfree table and enclosed by a Faraday cage.
2.3. Extracellular tip-recordings and analysis
We used glass pipettes (World Precision Instruments, Inc.
1B100F-6) to simultaneously record from and stimulate peg neurons. We used a micropipette puller (Sutter Instrument Co. Model
P-87) to customize the tip-diameter of each pipette so that it was
slightly wider than a sensillum’s tip diameter (Fig. 2a), which is
3–4 m for P. utahensis. We ﬁlled each pipette with a stimulant
using a non-metallic syringe needle (World Precision Instruments,
Inc. MicroFilTM MF34G). We then secured the pipette onto a holder
positioned on a manual micromanipulator (Leitz Micromanipulator M) within the Faraday cage. Once we aligned the pecten-teeth
and pipette in the same ﬁeld of view under the microscope, we
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Fig. 2. Tip-recording conﬁguration. (a) We added one drop (≈5 l) of mineral oil to the pecten, creating an oil layer (gray rectangle) over sensilla. (b) We maneuvered the
tip of a saline-ﬁlled pipette over a sensillar pore to extracellularly record action potentials. The recording electrode (narrow, gray rectangle) was within the pipette. (c)
Micrograph of the proximal regions of two pectinal teeth (t), showing the peg sensilla (ps) and recording pipette (p) under oil.

placed a silver chloride-coated wire (World Precision Instruments,
Inc. MEH3SBW10) in the exposed end of the pipette to record electrical activity. All recordings were conducted between 10.00 h and
13.00 h. After recording trials, at the end of each day, we purged
the chamber of oil and residual stimulant by ﬁrst, adding another
drop of oil and then, removing all oil (existent and added) with a
ﬁne-tipped syringe.
To gauge the efﬁcacy of the tip-recording technique, we stimulated sensilla with a variety of tastants: 0.01 M, 0.1 M, and 1.0 M
potassium chloride (KCl), 0.1 M sucrose, 0.1 M citric acid, and a 30%
ethanol by volume solution. We made non-electrolyte solutions
electrically conductive by dissolving 0.01 M KCl in them. Using the
micromanipulator, we touched the pores of individual sensilla with
the stimulant solution at the open tip of the pipette (Fig. 2b). We
then ampliﬁed, digitized, recorded, and classiﬁed action potentials
following the procedure outlined in Gafﬁn and Walvoord (2004).
Once we established the protocol for the tip-recording method,
we assessed the sensitivity of sensilla to three aqueous stimulants.
We introduced 0.01 M KCl, 0.1 M citric acid (dissolved in 0.01 M
KCl), and 30% EtOH (dissolved in 0.01 M KCl) to ≥15 sensilla on tooth

16 on the right pecten of a female P. utahensis. To allow adequate
recovery time between bouts of chemical stimulation (we cannot
detect baseline sensillar activity with the tip-recording method,
please see discussion for assessment), we experimented over three
consecutive days, introducing one stimulant per day in the following order: salt on day 1, acid on day 2, and alcohol on day 3.
To quantify sensilla responses to the three tastants, we calculated inter-spike intervals of spike type “A” within a ﬁve second
window following the ﬁrst second of stimulation (for speciﬁc information on spike type “A” classiﬁcations, refer to Knowlton and
Gafﬁn (2009) and Gafﬁn and Brownell (1997a)). We compared
the mean, median, and mode inter-spike interval, and depicted
the inter-spike interval frequency distribution for each chemical
treatment. With small bin sizes of 5 ms, comparing the inter-spike
interval histograms provided important chemoresponse information, such as subtle timing differences in the rapid bursts of spike
activity in response to each tastant. Because our data did not follow
a normal distribution, we used the non-parametric Kruskal–Wallis
test for statistical comparisons. If we found a signiﬁcant difference between treatment groups using this test, we then conducted

Fig. 3. The tip-recording method produced stable records for extended time periods. (a) Processed record (background noise removed) of an approximately 30-min record
of peg neural activity (electrolyte 0.01 M KCl). (b) Animal preparations held stable, allowing us to record from sensilla over consecutive days. These are records from two
proximally located pegs on the same tooth, obtained on different days (electrolyte 0.1 M KCl).
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Fig. 4. Dual recording of sensillar neurons. (a) Electrode conﬁguration #1. We positioned a metal electrode in the base of a sensillum (under oil) and then lowered a pipette
ﬁlled with 1 M KCl onto the pore of the same sensillum. (b) Two independent readouts of neural activity within one sensillum. Whether recording from the peg base or peg
pore, we saw action potentials ﬁred by the same chemosensory neurons. Inset: Time-expanded view of the two records. (c) Electrode conﬁguration #2. We placed a metal
electrode in the base of a sensillum, and then lowered a pipette ﬁlled with 0.1 M citric acid (dissolved in 0.01 M KCl) onto the pore of the neighboring peg. This conﬁguration
was also applied to obtain the responses shown in (e), except instead of chemically stimulating one neighboring peg, we chemically stimulated ﬁve, and did not record each
chemoresponse (the stimulant pipette did not contain an electrode). (d) Two independent readouts of neural activity from each recording electrode, respectively. The arrow
indicates the moment of stimulant contact with the peg pore. (e) Shown are raster displays of all action potentials ﬁred by the primary sensillum during stimulation of each
of its neighbors by a 2 s contact with citric acid and 8 s recovery period (stimulant pipette introduction and removal is indicated by the arrows). An electrical artifact (≈1 s)
occurred just prior to neighboring peg stimulation, which precluded us from showing baseline activity right before contact.

Dunn’s multiple comparisons test on select pairs of treatments (citric acid vs. KCl; EtOH vs. KCl).
2.4. Dual extracellular recordings
To test whether we detect activity from the same neural population when we record from a peg’s pore as when we record through
a peg’s cuticle, we simultaneously recorded one sensillum’s neural activity using the tip- and base-recording method. We prepared
a live female P. utahensis, following the procedure described previously. One hour before recording, we added 5 l of oil to the
chamber containing the animal’s right pecten. We used a micromanipulator to insert an electrolytically sharpened tungsten electrode
(≈0.5 m diameter tip) into the base of a peg sensillum (Gafﬁn and
Brownell, 1997a). As we recorded neural activity from the peg’s
base, we used another micromanipulator to position a saline-ﬁlled
electrode onto the same peg’s pore. We independently ampliﬁed
the electrical read-out from each electrode using two ampliﬁers:
World Precision Instruments, Inc. DAM80 for the tip-recording, and
World Precision Instruments, Inc. DAM70 for the base-recording.
We then compared readouts of neural activity and assessed for
similarities or differences.
To test if the tip-recording method restricts chemical stimulation to a single peg, we conducted an additional dual recording.
First, we inserted a tungsten electrode into the base of one peg
(called the “primary” peg). Second, we lowered a pipette ﬁlled with

0.1 M citric acid (dissolved in 0.01 M KCl) onto a peg pore directly
adjacent to the primary peg, thereby obtaining two readouts of
electrical activity. Next, we compared the two readouts to evaluate
whether the chemical treatment was restricted to the neighboring peg, or whether it may have also reached the primary peg. In
a separate experiment, we recorded the baseline activity of a different primary peg as we introduced 0.1 M citric acid (dissolved
in 0.01 M KCl) to ﬁve of its neighboring sensilla. Each neighboring sensillum was stimulated one time and for a duration of 2 s. As
before, we used a tungsten electrode to measure the primary peg’s
spontaneous activity, and we used a pipette to deliver the chemical treatment. We quantiﬁed the number of action potentials ﬁred
within the primary peg 1 min before, during, and immediately after
stimulation of each neighbor.
3. Results
We successfully recorded peg neural activity using the tiprecording technique, obtaining numerous records from each of
the eight scorpions we prepared. Generally, animal preparations
lasted 1 week before the pecten stopped adhering to the cover
glass. Tip-recordings were stable for intervals as little as 1 s, or up
to 30 min (Fig. 3). Recording stability depended on the quality of
initial electrical contact between the peg pore and pipette. For optimum recording, the peg pores directly faced the pipette tip. We
obtained high-quality records for all stimulant solutions, except
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Fig. 5. Sensillar response characteristics to ﬂuid stimulants. (a) Sensilla responded to salt, acid, and alcohol with different neural activity patterns. In all records, we observed
the activity of spike types “A”, although at different ﬁring frequencies: we observed the fastest ﬁring frequencies in the presence of citric acid, and the slowest ﬁring frequencies
in the presence of salt. (b) Superimposed spike waveforms for each response. In the majority of salt records, we observed the activity of a mostly negative-amplitude spike
type “B”; the inset shows characteristic, averaged “A” and “B” waveforms (data from the salt record in (a)). Spike “B” ﬁred rarely in acid and alcohol responses. (c) Relative
spike “A” inter-spike interval frequencies for citric acid (n = 16 sensilla), ethanol (n = 28), and salt (n = 23). Sensillar inter-spike interval frequencies for each treatment were
binned with a 5 ms resolution, averaged across bins, normalized to the sum of all bin averages, and ﬁnally plotted as a 2-period running average trendline. Mean inter-spike
intervals for each treatment, citric acid: 0.051 s, ethanol: 0.064 s, and salt: 0.079 s. (d) Stacked raster display of all sensillar chemoresponses. Each vertical line across the
x-axis represents the ﬁring of a spike type “A”.

0.1 M sucrose. Most “sucrose records” had low signal-to-noise
ratios. Exploratory experiments using 1.0 M KCl as the stimulant
solution yielded inconsistent peg responses. During these experiments, stimulant concentrations may have been variable; salt
crystals frequently formed at the pipette tip and became visible
when the pipette was above the oil layer. Otherwise, tip-recordings
were repeatable, and we could consistently introduce a stimulant
to one peg multiple times. Sometimes we triggered a mechanoresponse when placing the pipette onto the peg, but we accounted
for this in our quantitative analysis by neglecting the ﬁrst second of
each record, which also accounted for any latency in a response due
to an electrical artifact caused by stimulus onset. Stimulus onset
was the precise moment when the electrode tip touched the sensillum; conﬂuence of the stimulant and chemoreceptors occurred
shortly thereafter.
The tip-recording method detected activity from the same
chemosensitive neurons as the base-recording method. When we
lowered a saline-ﬁlled pipette onto a peg pore as a metal electrode
recorded neurons from the same peg’s base (Fig. 4a), we obtained
identical records of neural activity (Fig. 4b). Furthermore, the waveforms detected by the tip method were of similar shape to those

obtained in the base method, which allowed for identiﬁcation of
previously described spike types.
Using the tip-recording technique, we were able to isolate
chemical stimulation to one peg. In a dual recording (Fig. 4c), we
saw no change in the primary peg’s spontaneous activity (detected
via a metal electrode) when we introduced a chemical stimulant
(citric acid) to its neighbor (Fig. 4d). Additionally, we recorded
neural activity within a different primary peg as we chemically
stimulated ﬁve neighboring sensilla. Just as in Fig. 4c, we used
a tungsten electrode to record the primary peg’s neural activity;
however, we did not record each neighboring peg’s response to citric acid. Again, we did not observe changes in the primary peg’s
spontaneous activity (Fig. 4e), which ﬁred at 1.91 Hz 1 min prior to
the neighboring peg stimulations, 1.90 ± 1.71 Hz (mean ± std) during the neighbors’ stimulation, and 1.10 ± 0.21 Hz (mean ± std) 8 s
after treatment. Although “stimulation 1” (Fig. 4e) appears to elicit
a weak response, we argue that these action potential frequencies
are considerably lower than any direct response to citric acid, which
we found to be up to 50.5 Hz.
We successfully applied the tip-recording method to a sample
of sensilla on one pectinal tooth, and obtained chemoresponse pro-
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ﬁles to three ﬂuid tastants. Fig. 5a shows representative responses
of sensillar neurons to 0.01 M KCl, 0.1 M citric acid, and 30%
EtOH. Spike types “A” (from >1 neuron) ﬁred in the presence
of each stimulant. Citric acid elicited the most robust responses.
We also saw intermittent activity of spike type “B,” especially
in responses to salt (Fig. 5b); spike type “B” ﬁred less often
in the presence of acid and ethanol. The inter-spike interval
frequency distributions are shown in Fig. 5c; we found no signiﬁcant difference between each treatment’s mode inter-spike
interval (Kruskal–Wallis [KW] test statistic = 2.41; P = 0.29). Mean
inter-spike intervals were not signiﬁcantly different (KW = 4.83;
P = 0.08), but median inter-spike intervals were signiﬁcantly different (KW = 5.94; P = 0.05). Dunn’s multiple comparisons post hoc
tests on median data showed that responses for citric acid were
signiﬁcantly different from those for KCl (P < 0.05), but ethanol
and KCl were not signiﬁcantly different (P > 0.05). Furthermore,
Fig. 5d displays raster plots of non-transformed, individual peg
responses.
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functionally different pegs individually detect separate components of a complex stimulus (Gafﬁn and Walvoord, 2004). Our new
technique allows us to test these hypotheses by recording from
hundreds of pegs from several pecten teeth on several animals;
preliminary results provide evidence for identical sensilla (Gafﬁn
and Walvoord, 2004).
This method may also be applicable to studies beyond the scope
of scorpion peg sensilla electrophysiology. For example, we may use
it to answer questions about the putative role of chemosensory hair
sensilla on the pectinal spine. Researchers electrophysiologically
characterized the mechanosensory properties of pectinal long hair
sensilla (Kladt et al., 2007), but the chemoresponse characteristics,
if any, of pectinal short hair sensilla (also located on the pectinal
spine) have not been investigated. Additionally, we see utility in
this method for further investigating scorpion tarsal chemosensory
sensilla (Gafﬁn et al., 1992). And research on gustatory insect sensilla (Haupt, 2004) and crustacean sensilla (Cate and Derby, 2002)
may beneﬁt. This method seems generally useful in preparations
involving dense arrays of taste sensilla where it is important to
isolate the response of individual sensilla from the population.

4. Discussion
Since the tip-recording method’s debut (Hodgson et al., 1955),
its use has been widely replicated in studies of insect sensory
physiology (Newland, 2005). We sought to adapt the tip-recording
method for research on scorpion peg sensilla; our version of this
technique used an oil medium for isolating chemical stimulation
to one peg (Knowlton and Gafﬁn, 2009). Without the oil medium,
stimulating one peg is impossible: the stimulant solution spreads
to neighboring sensilla once the pipette tip touches the recording
sensillum’s pore. Using a saline-ﬁlled pipette for recording peg neurons rather than penetrating the peg base with an electrode (Gafﬁn
and Brownell, 1997a) diminished the time required to conﬁgure an
experimental set-up and gather data. In future studies, it should be
possible to stimulate approximately 90 pegs (at 20 s each) in a 2-h
period by “stamping” the pipette onto sensilla (one at a time) in
rapid succession.
The three aqueous stimulants: 0.01 M KCl, 0.1 M citric acid,
and 30% EtOH each elicited a unique chemoresponse pattern. For
electrical conduction, all pipettes contained salt; the citric acid
and EtOH solutions were also 0.01 M KCl solutions (in combination). Despite this similarity, the acid and alcohol elicited neural
responses that were more robust and different from responses to
the salt-only stimulant. Also, acid responses were distinct from
alcohol responses. Because we could quantitatively and qualitatively discern these responses (Fig. 5), and because 0.01 M KCl
produced stable records of peg neurons (for all three stimulant
solutions), our preferred electrolyte for future studies is 0.01 M
KCl.
One drawback of our tip-recording method is that we cannot
detect spontaneous neural activity within a sensillum prior to stimulation. We can partly compensate for this lack of a “pre-treatment”
reference because the same chemosensory neurons are detectable
via either base-recordings or tip-recordings (Fig. 3b). In addition,
baseline activity (obtained from base-recordings under oil and in
air) has been previously described (Knowlton and Gafﬁn, 2009;
Gafﬁn, 2010).
The development and application of the pecten tip-recording
method is a breakthrough in peg sensilla electrophysiology; we
are currently using it to test two hypotheses of sensilla function.
The Information Enhancement Hypothesis states that peg sensilla are identical, with each sensillum possessing the same set
of chemosensory neurons (Gafﬁn and Walvoord, 2004). In this
scheme, sensilla function as units of a parallel-sampling system
that enhances sensory information (Gafﬁn and Walvoord, 2004).
In contrast, the Information Segmentation Hypothesis states that
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