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METHODOLOGY

A Multidisciplinary Approach to Simultaneously
Monitoring Real-Time Neuronal Activity and Pain
Behaviors During Optogenetic Stimulation of
Brain Neurons in Freely Moving Mice

Joshua Crawford Background: Highlighted by the current opioid epidemic, identifying novel therapies to treat
Sufang Liu chronic trigeminal neuropathic pain is a critical need. To develop these treatments, it is
Feng Tao necessary to have viable targets in the brain to act on. Historically, neural tracing studies

have been extremely useful in determining connections between brain areas but do not provide
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information about the functionality of these connections. Combining optogenetics and beha-

in the regulation of such behavior. The addition of multi-channel electrophysiological record-
ing provides information on real-time neuronal activity in the specific neuronal pathway.
Methods: Male C57/BL/6J mice (8-week-old) underwent either chronic constriction injury
of infraorbital nerve (CCI-ION) or a sham surgery and were injected with either channelr-
hodopsin (ChR2) or a control virus in the hypothalamic A1l nucleus. Two weeks after CCI-
ION, they were tested in real-time place preference (RTPP), while neuronal activity in the
spinal trigeminal nucleus caudalis (Sp5C) was recorded.

Results: Optogenetic excitation of the All neurons results in more time spent in the
stimulation chamber during RTPP testing. Additionally, stimulation of the All results in
a greater number of neuronal activity increase in the Sp5C in animals with the injection of
AAV carrying ChR2 compared to animals injected with a control virus or that underwent
a sham surgery.

Conclusion: In vivo multi-channel electrophysiological recording, optogenetic stimulation,
and behavioral observation can be combined in a mouse model of chronic trigeminal
neuropathic pain to validate brain areas involved in the modulation of such pain.
Keywords: optogenetic stimulation, multi-channel recording, real-time place preference

Introduction
Chronic trigeminal pain is a major global health problem with up to 16% of the
dental visits reported being due to pain and with a large population study finding the

prevalence being over 5% in adult females and over 1% in adult males.'?
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Traditional methods used alone to study pathways,
such as neuronal tracing, optogenetics, chemogenetics,
neuronal ablation, genetically encoded viral vector injec-
tions, can infer that brain areas are linked and involved in
a certain behavior but do not explicitly show that the
behavior is mediated by neuronal activity of a specific
pathway.*” Moreover, these methods provide no means
to quantify the effect of modulation of neuronal activity
with behavioral output.

In this study, we sought to demonstrate an efficient
method to directly identify pathways involved in chronic
trigeminal pain. We combine optogenetic stimulation with
in vivo multi-channel electrophysiological recording and
simultaneous pain behavioral measurement. This combina-
tion of multi-disciplinary techniques allows us to observe
real-time effects of optogenetic stimulation on the neuro-
nal activity in a neural circuit and reveal how those
changes are related to pain behavior. Here, we chose
a well-established chronic constriction injury of infraorbi-
tal nerve (CCI-ION) induced chronic trigeminal neuro-

pathic pain mouse model,*'°

and we investigated the
role of the descending dopaminergic pathway from the
hypothalamic All nucleus to spinal trigeminal nucleus
caudalis (Sp5C) in pain modulation using our combinative
approaches. Our recent work'® has shown that this des-
cending neuronal pathway contributes to the modulation of

trigeminal neuropathic pain.

Materials and Methods

Animals

All mice used were male 8-week-old C57BL/6J mice
obtained from Jackson Laboratory. Animal studies were
done with approval from the Texas A&M University
Institutional Animal Care and Use Committee in accor-
dance with NIH guidelines.

Preparation of the CCI-ION-Induced

Trigeminal Neuropathic Pain Model

Following anesthesia with pentobarbital (i.p., 50 mg/kg),
mice were placed in the supine position and the oral cavity
exposed by placing a suture through each cheek and secur-
ing to the surgical table. A 2-mm incision in the buccal
mucosa starting from the first molar was made to isolate
the infraorbital nerve using blunt dissection. Two 4-0
chromic gut sutures were loosely placed around the infra-
orbital nerve. The incision was closed by applying a small
drop of tissue adhesive. The mice were allowed to recover

from anesthesia in a temperature-controlled environment.
For sham-operated animals, the incision was closed after
nerve exposure without ligation.

Preparation of Optical Fiber and Cannula
The fiber and furcation tubing were cut, and the fiber was
then threaded through the tubing. Both ends of the fiber
were stripped using a micro-stripper. A 25-gauge needle
was used to add epoxy (1g epoxy in 100mL epoxy hard-
ener) into one end of the large ferrule assembly. Next, the
stripped end of the fiber was inserted through the flat end
of the ferrule and thread through until the unstripped part
of the fiber hit the ferrule opening. The epoxy bead was
heated until it turns black before scoring the round end of
the ferrule with a diamond knife. Using a hemostat to hold
the ferrule, the unstripped end of the fiber was placed
under a piece of tape and the exposed fiber was snapped
at the desired length. Finally, we tested the output of the
fiber.

Virus Injection and Implantation of the
Optical Fiber

Under isoflurane anesthesia, a hole was drilled on the skull
at the following coordinates from bregma (AP, —2.3 mm;
ML, 0.2 mm) after exposing the skull using surgical scis-
sors and locating bregma. Next, a Hamilton syringe was
lowered into the hole until it reached a depth of 3.8 mm.
After 0.5 pL of AAV carrying channelrhodopsin (ChR2)
(AAV5-hSyn-hChR2(H134R)-EYFP (titer: 4.6x10' vg/
mL, UNC Vector Core) or its control (AAV5-hSyn-
EYFP, titer: 3.3x10'? vg/mL, UNC Vector Core) was
delivered, the syringe was left in place for 5 minutes
before removing. Following removal of the syringe, a pre-
made optical fiber was lowered into the same hole until it
reached a depth of 3.5 mm. The fiber was then secured to
the skull by using dental cement. The animal was allowed
to recover from anesthesia in a temperature-controlled
environment.

Preparation and Implantation of

Multi-Channel Electrode

Preparation of the multi-channel electrode was modified
from a previous report.'' Both the top and bottom parts of
the headstage were obtained by 3D print. We used
a Formlabs Form 2 printer to print all pieces used in
these experiments. Next, the 1.2M nut was glued on the
3D printed base piece and placed a screw through the top
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piece and tightened until it was tight against the bottom
piece. After it was glued in place, the wire was cut into 16
pieces of approximately 15 cm in length. A single wire
was placed through a single hole in the green circuit board
under the microscope. Using heat and a razor blade, we
removed the covering on the end of the wires to expose the
bare metal. A single wire was soldered to a single leg of
the Omnetics connector. These procedures were repeated
for all wires and then soldered to the green board.

We implanted multi-channel electrodes 2 weeks after
viral injection. Under isoflurane anesthesia, a hole was
drilled on the skull at the following coordinates from
bregma: AP, —=8.0 mm; ML, 1.5 mm. Next, the headstage
was lowered into the hole 4.5 mm and then secured to the
skull with cement. The animal was allowed to recover in
a temperature-controlled environment.

Real-Time Place Preference Test,
Optogenetic Stimulation, and

Multi-Channel Recording Simultaneously
Before the experiment, animals were acclimated to experi-
mental environment and equipment once a day for 3 days
(10 min per day). We set up the Any-Maze software to get
real-time automatic analysis of time spent in each real-
time place preference (RTPP) test chamber. The RTPP
apparatus was home built and its dimensions are 18”7 x
21” for two chambers and 10.5” x 21” for the buffer area.
The length of the RTPP test was set to 15 min. To prepare
the multi-channel recording equipment, we turned on the
Omniplex chassis and then opened the Omniplex server
software. Once there is connection between the hardware
and software, “Run” on the top menu of PlexControl soft-
ware was selected. Under isoflurane anesthesia, the opto-
genetic stimulation cable was attached to the implanted
cannula. Following the animal was fully recovered from
the anesthesia, it was placed in the middle chamber and we
then clicked the play button on the test screen of Any-
Maze to begin video tracking. The multi-channel recording
was simultaneously begun by clicking “Start data acquisi-
tion” on the PlexControl software. During the experiment,
we monitored the animal’s movement with Any-Maze, and
when the animal entered one chamber that is assigned for
stimulation, we manually triggered the laser power supply.
Once the experiment was complete, the optogenetic stimu-
lation cable was removed and the animal was returned to
its cage. The experimental equipment was cleaned thor-
oughly before testing the next animal.

Analysis of Behavioral and Multi-Channel
Recording Data

Any-Maze software was used for the analysis of beha-
vioral data. A spreadsheet containing the data was gen-
erated by selecting “View spreadsheet” on the menu.
This spreadsheet can either be copied and pasted in
a data processing program or saved as a.csv file for
later analysis by clicking “Save” on the menu. To get
the detailed timestamps for each time an animal was in
a zone, we navigated to the ‘Tests’ page and clicked on
a test number and then selected Related Reports — Test
Details Report from the menu. The data can be saved to
a.csv file for later use in conjunction with electrophy-
siological recordings.

For the analysis of multi-channel recording data,
Plexon Offline Sorter was used to classify the data by
clicking File — Opening and selecting the intended.pl
file. To begin sorting waveforms, we selected a recorded
channel from the channels panel on the right-hand side of
the layout. Clusters were identified by looking at the ‘2D
Clusters’ panel. To specify a cluster, “Add Unit” was
clicked and then a circle around a group of waveforms
was drawn by using the mouse. The heterogeneity of the
cluster was verified by visually inspecting the waveform
recordings in the “Waveforms” panel. Individual wave-
forms can be added (“Add Wfs”) or deleted (“Remove
Wi1s”) from a cluster as necessary. These steps should be
repeated for all other recorded channels. Once all chan-
nels have been sorted, the data were exported to
a neuroexplorer formatted file for further analysis. We
opened the exported waveform data in neuroexplorer
and selected the correct file. In the main panel, we
selected which units to be analyzed and then clicked the
“Rate Histograms” option in the “Analyses” panel. The
desired length of the recording was analyzed for generat-
ing firing rate histograms. The firing rate histograms were
used in conjunction to find units that were either
increased, decreased, or unchanged by optogenetic stimu-
lation. For each animal, the time spent in stimulation
chamber was overlayed onto the firing rate histogram of
each unit. The statistical analysis was conducted with one-
way ANOVA. The level of significance was set at
p <0.05.

Results
We performed real-time multi-channel electrophysiological
recording and simultaneous behavioral observation during

Journal of Pain Research 2021:14

https:

3505

Dove:


https://www.dovepress.com
https://www.dovepress.com

Crawford et al

Dove

optogenetic stimulation of the A11-Sp5C pathway using our
multi-disciplinary rig (Figure 1). Following CCI-ION sur-
gery, mice exhibit pain-like behaviors for up to 28 days.®
Our RTPP test showed that the amount of time spent in
stimulation chamber on day 14 post-surgery in the CCI-
operated mice injected with AAV carrying ChR2 (AAVS5-
hSyn-hChR2(H134R)-EYFP) was significantly more than
that in the CCl-operated mice injected with its control virus
(AAVS5-hSyn-EYFP) or the sham-operated mice injected with
the AAV carrying ChR2 (Figure 2). These results indicate
that optogenetic excitation of the A1l neurons can produce
pain relief in mice with chronic trigeminal neuropathic pain.

Using multi-channel recording, we found that the opto-
genetic stimulation of A11 in the CCI-operated mice injected
with AAV carrying ChR2 caused greater neuronal activity
changes in the Sp5C than that in the sham-operated mice or
the CCI-operated mice injected with a control virus. Of the
neuron clusters showing neuronal activity changes,
a significant difference was found in clusters with an
increased firing rate during optogenetic stimulation between

ChR2 and control or sham groups (Figure 3).
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Figure | A schematic diagram showing our multi-disciplinary rig. Optogenetic
stimulation was used to activate Al |-Sp5C pathway after ChR2 expression in the
All. Multi-channel recording was carried out to monitor real-time neuronal activity
in the Sp5C. Behavior tracking with RTPP test was performed to measure simulta-
neous pain behaviors when optogenetic stimulation was on/off.
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Figure 2 Optogenetic excitation of Al | neurons attenuates trigeminal neuropathic
pain. Time spent in the stimulation chamber was recorded in the RTPP test. When
the animal entered the stimulation chamber, optogenetic stimulation was delivered
until the animal left the chamber. Note that on day |4 post-surgery, the CCI-
operated mice injected with AAV carrying ChR2 (ChR2 group) spent much more
time in the stimulation chamber than that in the CCl-operated mice injected with
a control virus (Ctrl group) or the sham-operated mice injected with AAV carrying
ChR2 (Sham group). One-way ANOVA conducted with GraphPad Prism 9 software
was showing that the times spent in the stimulation chamber significantly increased
in the ChR2 group compared to the Ctrl or Sham group. *p < 0.05 (n = 3—4 per
group).

Discussion

In the present study, we demonstrate a robust multidisciplinary
approach to simultaneously monitor real-time neuronal activity
and pain behaviors during optogenetic stimulation of brain
neurons in freely moving mice. We used CCI-ION induced
trigeminal neuropathic pain mouse model. When performing
the CCI surgery, it is crucial that the researcher does not
transect the nerve when attempting to suture and that the
sutures are tight enough to cause nerve injury. After implanting
the optical fiber and the multi-channel electrode, it is critical
that they are well secured with cement and that mice are singly
housed to prevent the mice from removing or damaging the
devices.

In addition to the above-mentioned precautions, we
also modified the electrode headstage such that the top
and bottom pieces are glued together to increase stability.
One part of the protocol that may require troubleshooting
is the RTPP behavior test. After implanting the devices,
some animals may not initially explore the apparatus suf-
ficiently to generate meaningful data. We trained the ani-
mals for 3 days prior to testing to help alleviate this but
that number may need to be increased if after 3 days the
animals are still not wanting to move in the apparatus.
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Figure 3 Optogenetic excitation of Al |l neurons modulates neuronal activity in the Sp5C. In vivo multi-channel recording was carried out while optogenetic stimulation
during the RTPP test. Note that optogenetic stimulation of the All in the CCl-operated mice injected with AAV carrying ChR2 (ChR2 group) caused greater neuronal
activity increase in the Sp5C than that in the sham-operated mice (Sham group) or the CCl-operated mice injected with a control virus (Ctrl group). (A) One-way ANOVA

conducted with GraphPad Prism 9 software was showing that the percentage of neuron

clusters with increased neuronal activity was significantly higher in the ChR2 group

compared to the Ctrl or Sham group. *p < 0.05 (n = 3—4 per group). (B) Representative examples of neuronal activity patterns showing unchanged, increased, or decreased
firing rate during 250 seconds of optogenetic stimulation. A firing rate of | indicates neuronal activity without stimulation.

The main limitation of this method is that the multi-
channel recordings are not readily able to identify specific
types of neurons. There are multiple strategies that can be
used to overcome this limitation. One such way is to
deliver drugs to the recording sites that inhibit or deplete
a class of neurons. Another way would be to take advan-
tage of genetic approaches available in mice to deplete
a specific subset of neurons in the recording area. It is
hopeful in the future that as we learn more about the
electrophysiological properties of classes of neurons, the
recordings alone will be able to identify the specific type
of neurons. Additionally, while we demonstrate this
method on a pain model, it could easily be used on any
animal models where modulation of a brain neural circuit
is thought to affect behaviors by simply substituting the
RTPP test with a different test (eg rotarod for motor
function).

Alternative methods for multi-channel recording would
be fiber photometry'> or miniatured microscope
imaging.'® These methods rely on injecting a virus encod-
ing either a fluorescent calcium indicator protein or vol-
tage indicator protein into the brain region of interest.
After expression, the protein is targeted to the membrane
where it inserts. The protein’s confirmation will change
depending on the calcium influx or voltage change, which
causes a change in the fluorescence. The changes in fluor-
escence allow for the real-time visualization of brain activ-
ity. A benefit to using a virus-based system is that it can be
combined with other genetic tools available for rodents
and specific types of neurons can be studied. For in vivo
recordings, currently calcium indicators are more widely
used than voltage indicators.'* Voltage indicators do hold
several advantages over calcium indicators though, includ-
ing faster kinetics as well as allowing the detection of
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hyperpolarization and subthreshold depolarization.'> As
new voltage indicators are engineered that can readily be
targeted to the cell membrane, it will be advantageous to
explore their use over calcium indicators. However, these
methods do come with drawbacks, and a major limitation
is that the quality of the data is dependent on the virus
expression. Differences in expression between animals
could introduce a source of bias and the virus expression
does not last forever therefore the amount of time
could be studied is limited.'
Additionally, the calcium indicators used for these studies

a specific animal
are not as accurate as electrophysiological recording in
measuring neural activity.'”

Despite the limitations of the method, we believe that it
will provide valuable insights into the validation of novel
analgesic targets. This method allows quantification of
how much activity level change is required to cause
a change in behavior. This could help better determine
effective drug dosages. One potential use of this combined
method is to identify neural activity in which part of brain
the drug can specifically regulate to produce analgesic
effects. With this knowledge, it is possible that we are
able to combine with other new technologies (such as
nanoparticles) to inject the drug to a specific area, so that
potentially eliminating off-target effects. Additionally, this
method can also be used to identify new targets for neu-
romodulation. One of the current challenges limiting clin-
ical use of deep brain stimulation is lack of validated
specific targets.'® Using this combined method, we can
identify specific nuclei directly and further define how
much stimulation is necessary to mediate analgesia. This
information could be used to guide deep brain stimulation
for chronic pain treatment. Besides different brain areas,
this multidisciplinary approach could also be used to vali-
date novel analgesic targets in other areas of both central
and peripheral nervous systems.

Conclusion

Here, we show a multidisciplinary method to study real-
time neural activity and pain behaviors in freely moving
mice. By combining multi-channel recording, optoge-
netic stimulation and behavioral observation, real-time
electrical activity in a targeted brain area and relevant
pain behaviors can be monitored simultaneously, while
optogenetic manipulation of a specific neuronal pathway
is carried out.
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