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Abstract

The spinal cord is critical to the perception of peripheral information under sensory-guided
motor behaviors in health and disease. However, the cellular activity underlie spinal cord
function in freely behaving animals is not clear. Here, we developed a new method for imaging
the spinal cord at cellular and subcellular resolution over weeks under naturalistic conditions.
The method involves an improved surgery to reduce spinal movement, and the installation of a
miniaturized two-photon microscope to obtain high-resolution imaging in moving mice. In vivo
calcium imaging demonstrated that dorsal horn neurons show a sensorimotor program-dependent
synchronization and heterogeneity under distinct cutaneous stimuli in behaving mice. The long-
term imaging of sensory neurons revealed that in the spinal cord, healthy mice demonstrated
stereotyped responses. However, in a neuropathic pain model, plasticity changes and neuronal
sensitization were observed. We provide a practical method to study the function of spinal cord

on sensory perception and disorders in freely behaving mice.
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Main

Afferent spinal neurons are fundamentally responsible for the integration and transmission of
messages from peripheral receptors to the brain 1. Recent research assessing mechanoreceptors
and thermoceptors in sensory neurons has revealed that the spinal cord plays a key role in coding
of perceptual information and multimodal responses >2. Traditionally, the role of different
neurons within circuits encoding and relaying somatic sensations has largely been determined
according to their distinct morphological and electrophysiological properties #°12. While these
studies have generated critical knowledge advancing the field, studies have remained restricted
to anesthetized animals. Anesthesia can interfere with animal recognition, perception, and motor
control, and recordings made under anesthesia fails to accurately explain how the somatosensory
system encodes a wide range of tactile stimuli***°, and the critical aspects of spinal cord
sensorimotor processing remain poorly understood. In addition, spinal cord circuit tracing studies
have revealed important roles for sensory-guided motor behaviors, such as reflex-defenses and
coping responses induced by noxious stimuli‘®, but these genetic, electrophysiological and
pharmacologic approaches still insufficiently describe the spatial and temporal neuronal
functional patterns that underlie external stimuli-guided different motor behaviors. The recent
real-time imaging methods for interrogation of neuronal activity provide a new insight into how
heterogeneous cell types encode noxious and innocuous stimulations from peripheral inputs®2.
However, elucidating the morphological and functional properties of spinal cord neurons
continues to be a major challenge in free-behaving mice due to the lack of suitable optical
technology.

Optical technology combined with behavioral research provides a comprehensive sampling
method. This can provide the capacity for high spatial and temporal resolution during long-term
observation windows, as well as multidimensional behavioral tracking of animal behavior "8,
In recent years, the incorporation of calcium imaging into behavioral research has deepened our
knowledge about how cerebral neurons encode, store, and modify incoming and outgoing
information in awake and unrestrained animals 18, Current miniaturized one-photon
microscopy techniques allow for high-speed fluorescence calcium imaging and a large field-of-
view (FOV) of the spinal cord, yet retain a number of limitations. First, the superior contrast and

spatial resolution restricts the performance of miniaturized one-photon microscopy. Second, high
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neuron density and cell infiltration may result in the mixing of signals or loss of focus *°. In
addition, motion artifacts during free movement can cause loss of image authenticity certification
581420 "1n an effort to provide a fluorescence imaging approach based on miniaturized two-
photon microscopy, we developed a spinal fusion method in mice, which minimizes spinal
movement and allows long-term imaging of spinal cord neurons at cellular and subcellular
resolution in free-behaving states. Using this spinal fusion alongside a removable miniaturized
two-photon imaging piece, we provide continuous optical access to the mouse spinal. This
method facilitates in vivo studies of dorsal horn-related disorders and neuropathies at both the

cellular and subcellular levels.
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Results

Two-photon imaging in spinal cord of freely behaving mice

To image the spinal cord in freely moving mice, we designed a custom implantable spinal
chamber (Fig. 1 A) and a surgical procedure to enable in vivo imaging of miniaturized two-
photon microscopy (Fig. 1 B-C). The spinal chamber was composed of two stainless steel
grooves that were implanted under the transverse process of vertebrae that could be firmly
attached to the spinal column and minimized motion artifacts (Supplementary fig. 1 A—B). The
surgical procedure involved removal of the muscle and tendon tissue from the dorsal laminae
over three vertebrae (L3/4/5 or L4/5/6), then fusing these vertebrae by clamping them on either
side with a stainless steel groove held by stereotaxic apparatus (Supplementary fig. 1 A—-B).
Finally, a dorsal laminectomy was performed using a high-speed dental drill. We maintained the
clamping pressure by placing a 4-5 mm glass coverslip on top (which further minimized motion
artifacts), applying Kwik-Sil silicone elastomer over the spinal cord, sealing the chamber by
filling the gap with a combination of cyanoacrylate and glue, and finally attaching a miniaturized
two-photon microscope to the animal’s back through a headpiece which could be removed and
replaced (Fig. 1 C, Supplementary fig. 1 C—G). The entire assembled piece was small and light
enough to be borne by the mice (Fig. 1 D-E). Before surgical preparation, and 30 days
afterwards, we quantified the animals’ locomotor performance in a 5-min open field test (OFT).
Neither mice with or without miniature two-photon microscopy (mTPM) showed a significant
difference in total moving distance compared to sham mice (mice before surgery), and both

groups showed a significant decrease in average speed after compared to sham mice (Fig. 1 F—

G).

To quantify the motion artifacts caused by physical activity or free movement of the awake mice,
we implanted spinal cord windows and FHIRM-TPM in transgenic Thy1-GFP mice with
sparsely labelled axons. In free-moving mice, there were image displacements due to different
moving speeds (Fig. 1 H-I) and increased in amplitude during steady running or turning. These
remained largely confined to the rostrocaudal direction. Meanwhile, displacements in the
mediolateral direction were small, and there were no significant differences in resting, turning, or
running (Fig. 1 J; image displacement in the mediolateral direction: Resting 6.8+1.2 pm,

Running 7.5+1.3 um, Turning 7.6+1.4 um; image displacement in the rostrocaudal direction:
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Resting 11.8+£3.5 um, Running 13.943.5 um, Turning 14.6+3.1 um; data shown as mean +
standard error of the mean, SEM). Next, we quantified displacement in the dorsoventral
direction during imaging, which we determined to be more critical as this could cause the overall
image to be lost. We analyzed the brightness distribution and consistency of axons in real-time
imaging. The brightness of axons was not lost and showed no changes during the continuous
imaging process and the multiscale structural similarities (MS-SSIMs) showed that frames from
one mouse maintained a high degree of consistency and similarity, showing the average MS-
SSIM of 0.75+0.086 (Fig. 1 K). These results show that the structure of axons in the spinal cord
of free-moving mice can be reliably imaged over extended periods through an implanted
vertebral window and a miniaturized two-photon microscope, without compromising motor

functions.

Calcium imaging of spinal dorsal horn neurons in free-moving mice

In contrast to the well-characterized anatomy and function of the primary sensory neurons in the
DRG, our understanding of sensory neurons in the spinal cord remains limited '*. To address this,
we next performed in vivo Ca®" imaging to examine the somatic activity of sensory neurons
expressing the Ca** indicator GCaMP6s in the spinal cord of free-moving mice using a
miniaturized two-photon microscope. To minimize the potential effects of surgery-related
inflammation induced by spinal window implantation, the first imaging was performed 30 days
after surgery. With a FOV of 420x420 um?, we resolved 54.2+5.3 neurons in a single focal plane
at a frame rate of 4.84 Hz at 512x512 pixels. In the quiet-awake-fixed mice, spontaneous Ca>"
transients of dorsal horn neurons (349 neurons from 7 mice, 51 spontaneous active neurons)
were clearly imaged with a few active populations and low response amplitudes (Fig. 2 A). In
contrast, marked spontaneous Ca®" transients were observed compared to the pre-awake-fixed
state in free-moving mice (97 spontaneous active neurons, Supplementary Movie 1), and
significant increases in the active neuron population and maximum response amplitudes (4F/F0)
were found across all imaging sessions (active population: 11.3+6.4% for Awake versus Free
26.6+6.1%, AF/F0: 1.7£0.1 for Awake versus Free 3.2+0.2; data shown as mean = SEM). To
further assess the spontaneous Ca®" transients of dorsal horn neurons in free-moving mice, the
intensity of the cellular calcium signal of activated neurons was traced and labelled (Fig. 2 D-E).

We evaluated the synchronous calcium release pattern for a 10-min open field test in free-
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moving mice. Results of this indicated that spontaneous Ca>" transients have a high degree of
synchronization in free-moving mice, which differs from the spontaneous activity of neurons in
the brain (Fig. 2 F-G). To determine whether these spontaneous Ca*" transients of dorsal horn
neurons were related to motion or sensation, we further explored the relationship between mouse
behavior and the corresponding neuron calcium intensity. As shown at the bottom of Fig. 2 H,
we recorded the calcium activity of 59 neurons from one mouse under free-moving conditions
and when with air-puff stimuli. First, we employed principal component analysis (PCA) to
extract the principal linear combinations of high-dimensional neural activities, which we
hypothesized could be correlated with the speed of the mouse. Nineteen PCs were selected and
sorted based on the explanation of 90% variance of neural activities (Fig. 2 H, middle). The
locomotion speed of the mouse and start time of air stimuli are shown at the top of Fig. 2 H. The
correlation coefficients (CCs) of five mice were mostly distributed in the range of -0.3 to 0.3,
which verified that correlations between neural activity and speed were low (Fig. 2 I). We next
partitioned the speed into three levels to investigate the activity of neurons at different speed
levels with air-puff stimuli. We found that the activity of neurons increased during and after air-
puff compared to free and before air-puff (Fig. 2 J). Furthermore, neuronal activity was

significantly increased during air puff, regardless of the speed levels (Fig. 2 K).

Calcium imaging in the spinal cord of free-moving mice with wind, pinch, or ice stimuli.
To further probe dorsal horn neuron activity in awake mice, we measured noxious or non-
noxious stimulus-evoked sensory neuron responses. Here, we used in vivo calcium imaging to
investigate the activity of dorsal horn neurons in response to cutaneous stimuli induced by air-
puff (wind), pinch, and 15 s or 90 s of ice stimulation. In this experiment, the same group of
neurons was imaged before, during, and after each cutaneous stimulus. All stimulus modalities
were applied successively in the same experiment, allowing us to assess the level of
polymodality in this population of cells. We observed that cutaneous stimuli elicited robust Ca**
transients in free-moving mice (Fig. 3 A-B). We present the maximum response amplitudes of
approximately 248 neurons responding to the wind, pinch, and ice stimuli, and sorted them based
on 15 s of ice stimulation. Compared to 15 s ice stimuli, pinch or air-puff elicited significantly
different activity in the same set of neurons, in contrast to 90 s ice stimuli, where neuronal

activity was similar (Fig. 3 C-D). In addition, pinch or air-puff did not evoke changes in the
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maximum response in maximum response amplitudes compared with ice (Fig. 3 E). After cluster
analysis, we found that the pinch-induced neuronal response was markedly different from that of
other stimuli. In addition, the clustering results for ice-induced stimuli showed that neuronal
responses were similar between different exposure times. The Venn diagram shows that 40% of
cells responded to all three stimuli, whereas 16%, 10%, and 11% of cells responded to ice and
wind, wind and pain, and pain and ice, respectively. The proportions of neurons, which

responded to pain, ice, or wind alone were 8.6%, 8.1%, and 6.1%, respectively (Fig. 3 F-G).

In general, neurons which respond to cold stimuli respond robustly but rapidly adapt whilst
under general anesthetic °. The mechanisms underpinning this adaption occurring during free
behavior remain unknown. We therefore investigated neuronal activation in response to ice
stimuli of different exposure lengths in free-behaving mice. In response to short-term (15 s) and
long-term (90 s) exposure to ice stimuli, we observed robust and reliable calcium transients in
subsets of spinal dorsal horn neurons (Fig. 3 A; Supplementary fig. 2). The heatmap shows
calcium transients in neurons responding to cold throughout the whole stimulation period (Fig. 3
H), and the variability in responses further illustrates that neurons, which responded to cold
stimuli responded and adapted quickly. These data suggest that the natural response to cold
stimuli occurs in unique ensembles of spinal dorsal horn neurons. In addition, ice-evoked
calcium transients reliably occurred at the onset of ice stimulation, and their duration was closely
correlated with stimulus duration. A long ice stimulus further increased calcium response time
(Supplementary movie 2) but did not evoke changes in the maximum response amplitudes or
the proportion of the cell population activated (active population: 18.94+2.6% for 15 s stimulation
versus 17.8+£1.5% for 90 s stimulation, data shown as mean + SEM) (Fig. 3 I-K). These data
suggest that cooling responses are mostly determined by the minimum temperature of the
external stimulus. Despite responses to long-term ice stimulation gradually decreasing during the
90 s test, their adaptation to a sustained low temperature meant that the maximum response
magnitude was determined by the absolute temperature, as the amplitudes decrease in response
to a stable baseline temperature within just over a minute (Fig. 3 L). These data demonstrate
both sensitivity and adaptation of spinal neurons. Repeated administration of these temperature
ramps (‘simple cooling ramps’) resulted in a small but non-significant decrease in the percentage

of responsive cells (Supplementary fig. 2 A—B). We recorded the stimulation temperature
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during 10 cooling trials, and the results of in vivo imaging showed that a similar group of
neurons was activated in response to ice stimulation across all 10 trials in one mouse
(Supplementary fig. 2 C-D). On average, the maximum response amplitudes of cooling-evoked
responses were similar and reliable, but varied within 7.03% of the mean across 10 trials
(Supplementary fig. 2 C—F). The sensitivity of responses was reliable, and the response periods

stable in multiple mice (Supplementary fig. 2 G).

Long-term imaging in the spinal cord of free-moving mice

To quantify the clarity and stability of long-term two-photon imaging, we tracked the same
cohort of axons of the spinal cord in Thyl-GFP mice over 2 months. Representative two-photon
images of the spinal neuron axons were recorded at 1, 7, 14, 21, and 60 days, despite repeated
placement and removal of the headpiece (Fig. 4 A, Supplementary movie 3). We calculated the
maximum cumulative projection of image displacements, which were generally around 10 pm in
the mediolateral direction (Fig. 4 B), and <25 pum in the rostrocaudal direction depending on the
day (Fig. 4 C). Interestingly, the image displacements at 60 days were significantly smaller in the
mediolateral direction, which may indicate improved stability (Fig. 4 B). To assess the potential
impact of vertebral window implantation on the animals’ motility over an extended period, we
assessed the cumulative time of moving distance and the average speed during a 5-min open-
field test (Fig. 4 D). We found that neither total distance nor average speed changed dramatically
over 21 days, but both were significantly increased after 60 days (Fig. 4 F—G). These results

demonstrate the robustness of the system and its utility for repeated long-term in vivo imaging.

Next, we performed in vivo Ca?" imaging to assess the quality of the somatic activity of dorsal
horn neurons. We injected AAV9-CaMKII-GCaMP6s at the lumbar level on the day of spinal
cord window implantation and waited for 30 days for mouse recovery and viral expression. The
images were recorded weekly for the next 21 days. We showed marked spontaneous Ca**
transients of five individual neurons in one mouse (Fig. S A) and of the whole responsive
populations in two mice (Fig. 5 B) during the 2 min open-field test. Next, to further investigate
whether the functional plasticity of dorsal horn neurons changes in response to cutaneous stimuli
due to the potential impact of vertebral window implantation on the animals’ back over an

extended time period, we performed a 15 s ice stimulation trial and traced both individual
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neurons (Fig. 5 C) and associated subsets (Fig. 5 D) weekly. Three weeks of repeated
administration of ice stimuli resulted in similar patterns of neuronal activity, which had a
duration that was closely correlated with stimulus duration, and had no effects on the maximum
response amplitude or total integrated calcium activity (Fig. 5 E-F). These demonstrate
stereotyped responses of dorsal horn neurons to cutaneous stimuli in healthy animals, which may

contribute to the studies of the functions of the spinal cord in sensory perception.

Calcium imaging following sciatic nerve injury

Neuropathic pain represents a common clinical disease 2!>*. To further develop the imaging
system and understand the response profiles of target spinal neurons in neuropathic pain, we
applied the sciatic nerve injury (SNI) model and different stimuli to observe specific
characteristics of neuronal sensitization in the dorsal horn such as hyperalgesia. Fourteen days
after SNI surgery, we performed von Frey tests and found that the withdrawal threshold declined
from 0.2 to 0.03 g (Fig. 6 A). We also delivered 30 s pinch stimuli to freely moving mice and
monitored the associated calcium transients in spinal neurons before and after SNI surgery. We
observed sharp and instantaneous brightness changes at the moment of pinching (Fig. 6 B). We
further traced and analyzed the positive responsive neuron calcium release modes, and the entire
response period lasted 150 s. We found that the maximum magnitude and active population of
dorsal horn neurons were similar before and after SNI surgery (Fig. 6 C; AF/F0: 2.1+0.1 Pre
versus 2.2+0.1 at 14 days after SNI surgery, data shown as mean + SEM). The variation in
responses to the pinch further illustrated quick neuronal responses and adaptation after SNI (Fig.
6 D). However, neurons took longer to return to baseline after SNI compared to before (Fig. 6
D), and the response time to pain increased significantly. Further analysis of the distribution
showed that the difference mainly occurred 65-165 s after pinch stimuli (Fig. 6 E; where 0-15 s
is pre-stimuli, 1545 s is during pinch stimuli, and 45—165 s is during recovery). These data
indicate that hyperpathia occurs in a chronic pain model of free-moving mice. Taken together,
our results suggest that patterns of plasticity in spinal cord neurons changes in chronic disease
states to adapt to the natural environment. In addition, spontaneous pain and allodynia are other
characteristics of neuropathic pain, which are the most clinically problematic forms of pain 2>,
Although these pains are referred to the periphery, they arise within the CNS. Long-term

sensitization of neurons suggests that increased calcium concentration in the dorsal horn is
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closely related to the central sensitization to neuropathic pain, and is thought to be part of many
chronic pain sensitization processes 2. To study neuronal activity after SNI, we imaged the same
population of sensory neurons in free-moving mice. We demonstrated that abnormal Ca**
activity in the somas of sensory neurons continually appeared 14 days after SNI. In a 10-min
open field test, transient spontaneous Ca’* transients were still observed. However, a novel,
usually pain-sensitive population of neurons became hyper-activated at 14 day after SNI. We
named them ‘pain-sensing neurons’. Because pain-sensing neurons also undergo plastic changes
in SNI model. When we referred the pain-sensing neurons appeared before SNI (Pre-pain), the
percentage of neurons classified as pain-sensing neurons markedly increased from 28.21% in
pre- to 60.96% in 14 days-SNI. When we referred the pain-sensing neurons appeared after SNI
(SNI-pain), the percentage of neurons classified as pain-sensing neurons is also significantly
higher than that in pre-SNI (61.96%). Meanwhile, we found that neurons undergo plastic
changes in response to non-traumatic external stimuli in this model. Although the response
distribution pattern and magnitude of individual cells remained unchanged throughout the
stimulation period, the number of ice-activated cells but not air puft-activated cell increased
significantly at 14 day after SNI. (Supplementary fig. 6). However, non-noxious stimuli also
induced hyper-activated neurons which usually is pain-sensitive after SNI. When we referred the
pain-sensing neurons appeared before SNI, the percentage of neurons classified as pain-sensing
neurons rose from 26.42% in pre- to 57.62% in 14 days-SNI after air puft stimuli, and rose from
35.78% in pre- to 78.40% in 14 days-SNI after ice stimuli. When we referred the pain-sensing
neurons appeared after SNI, the percentage of neurons classified as pain-sensing neurons is also

significantly higher than that in pre-SNI (air puff stimuli: 63.05%; ice stimuli: 71.04%).

Discussion

As a bridge connecting the brain and the peripheral nervous system, the spinal cord transmits
neural information to coordinate normal activities and plays an important role in somatosensory
and motor processes '*°2%, Recently, with the combination of miniaturized microscopy and
calcium imaging technology, it can acquire images in freely moving animals '8, Application of
this technology has spurred on a certain degree of creativity and innovation in the field of brain
imaging, but remains challenging for spinal cord imaging. The complex structure, vigorous and

irregular tissue movement, long-term imaging instability, and the difficulty of stable implantation
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of a miniaturized microscope have led to a series of challenges in spinal cord intravital imaging,
such as focal plane drift and image distortion or loss '*!4%°. Although the pioneering of
miniaturized one-photon microscopy has allowed spinal imaging in freely behaving mice, the
restrictive calcium imaging period has excluded the possibility for long-term investigation, and
results may have been affected by severe inflammation %31, Moreover, the principles of
miniaturized one-photon microscopy imaging limit the achievable contrast and are restricted by
differences in image contrast between the white and gray matter of the spinal cord 3. We
developed a new intervertebral fusion method by clamping adjacent vertebral bodies with two
custom-designed stainless steel grooves to minimize spinal movement during imaging. The
method developed in our study allows the monitoring of responses to cutaneous stimuli in the
dorsal horn neurons of the spinal cord of freely behaving mice over minutes to weeks. Our most
prominent improvement lies in spinal fixation. Image artifacts caused by motion can be further
reduced by gently pressing the coverslip during image collection. Using this method, in vivo
imaging of the spinal cord of freely behaving mice can be readily achieved without significant
effects on the animals’ motor or sensory functions. Following window implantation, the mouse
motor ability is inevitably reduced. However, it does not affect the basic motor function and
sensation in mice, which is consistent with previous studies >!%%, Our method of spinal fixation
dramatically decreases the loss of imaging artifacts by reducing irregular movement of the spinal
cord, and it can obtain images of stable cellular activity from the spinal cord of freely behaving

mice using miniaturized two-photon microscopy.

A core challenge of neurobiology remains to understand the connection between sensory
transduction in the periphery and associated behavior 3234, Several studies have shown that
neurons in lamina I are mainly sensory neurons *!°, but whether sensation is affected by
locomotion or is responsive to stimulation remains unclear. Our results show that differences in
perception in response to external environmental stimulation are not due to mouse speed. This
may indicate that responses of layer I neurons which are part of the ascending pathway mainly
contribute to perception rather than locomotion. Neurons in lamina [ are mainly classified into
nociceptive-specific cells, multi-type nociceptive cells, and temperature-specific cells 3637,
Our results also show that there are both separate and overlapping subpopulations of neurons

that respond to pinch, air puff, or cold stimuli. Electrophysiological and one-photon

microscopy imaging studies have shown that different sub-modal skin perceptions can induce


https://doi.org/10.1101/2022.01.09.475306
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.09.4753086; this version posted January 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

overlapping neuronal responses during anesthesia and free movement *!°. Nevertheless, we
found that subsets of responsive neurons in lamina I overlapped, and that firing rates were
higher than previous results obtained using one-photon imaging '°. There are two potential
reasons, which may account for this phenomenon. The first is that interference of background
fluorescence during one-photon imaging may lead to difficulties in signal identification. The
second is that recording usually took place 30 days after device implantation, which reduced
the effects of background noise and inflammation *°. The spinal dorsal horn neurons display an
inherent stereotyped firing pattern in response to external stimuli *®. Our results show that the
intensity of neuronal activity is due to stimulus duration as well as stimulus type. A cluster
analysis demonstrated that the distribution of neural calcium responses induced by noxious and
non-noxious stimuli was different and encoded at the single-neuron level. These results
indicate that spinal dorsal horn neurons have an innate coding mode for external nociceptive
and non-noxious stimuli ®. In addition, after prolonging the duration of ice stimulation, we
found that the distribution of neural calcium responses induced by ice stimulation was similar.
These results indicate that spinal dorsal horn neurons can quickly adjust to external

environmental stimuli at the single-cell level by encoding specific cell groups.

Neuropathic pain represents a common clinical disease 2!2*. Peripheral nerve disorders can
cause chronic pain, such as diabetes, uremia, neuralgia after herpes zoster, and ischemic
neuropathy 4!, However, the pathogenesis, disease progression, and the effectiveness and
appropriate duration of treatments remain unclear and difficult to assess >!2242%38, By imaging
spinal cord axons over 60 days, we have shown the strong stability of our system and
demonstrated minimal deformation and displacement with our custom-designed components
on imaging clarity and mouse behavior. With this system, we are able to follow the activity of
spinal cord sensory neurons during disease progression. In the case of neuropathology, the
central mechanism mainly includes the sensitization of dorsal horn neurons, especially
enhanced response to noxious stimuli (hyperalgesia), abnormal response to non-noxious
stimuli (allodynia), and spontaneous pain caused by increases in spontaneous impulses 3444,
A previous study showed that the sensitization of dorsal horn neurons is closely related to
excitatory amino acids, NMDA and AMPA receptors, substance P, intracellular calcium ions,

and protein kinases, though we still lack data regarding mechanisms at the cellular level 24346,
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We induced neuropathic pain using a SNI model and monitored both the preoperative and
postoperative Ca®" activity of sensory neurons. By monitoring the activity of individual
neurons in the spinal cord of free-moving mice over weeks, we demonstrate that responses of
dorsal horn neurons are stereotyped in healthy mice, but that hyperactivity and functional
plasticity occur in mice with neuropathic pain in free-behaving states. Our results showed that
hyperalgesia is mainly caused by abnormally enhanced firing of nociceptive neurons. More
importantly, abnormal prolonged Ca*" activity of nociceptive neurons induced by non-noxious
stimuli appeared after SNI but rarely appeared in healthy mice, which provide some insight for
mechanism for allodynia and spontaneous pain. These results are consistent with previous
findings from electrophysiology research 2*. In addition, we found that in the
neuropathological model, the response of dorsal horn neurons to certain non-noxious stimuli
undergoes changes in plasticity, which mainly manifests as changes in the active neuronal

subsets, while inherent patterns of single cell firing remained the same.

In summary, we have innovated the application of miniaturized two-photon in vivo imaging to
the spinal cord of mice, which can help us study the encoding of sensory inputs and motion in
freely moving situations. The mechanical design and surgical preparations facilitate optical
access to the mouse spinal cord. This means it is possible to extend the application of
miniaturized two-photon microscopy to the study of the neuronal dynamics of cutaneous
stimuli such as the coding of cutaneous temperature, air puff, and pinch in the spinal cord, and
particularly in chronic processes such as neuropathic pain. Combining in vivo imaging with
animal behavior will help unravel maladaptive changes in the spinal circuitry and provide

therapeutic insights into these devastating disorders.

Methods

Experimental animals

C57BL/6 wild-type mice (8—10 postnatal weeks) and transgenic mice expressing green
fluorescent protein in layer 5 pyramidal neurons (Thy1-GFP line M) were purchased from the
Jackson Laboratory. All animals were housed under a 12/12-h light/dark cycle at 22°C and had
free access to clean food and water. Mice were housed individually to minimize the risk of injury

after surgery. All procedures were approved by the Animal Care and Use Committee of the
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Shenzhen Institute of Advanced Technology (SIAT), Chinese Academy of Sciences (CAS).

Surgical procedures for spinal window implantation

Each mouse was anesthetized by inhalation of 1.5-3% isoflurane (RWD Life Science, Shenzhen,
China) in 100% O and placed on a stereotactic stage (RWD Life Science, Shenzhen, China). We
performed a dorsal longitudinal incision and bluntly dissected connective tissue and muscle
covering the vertebrae from L3 to L6 (Fig 1 B; Supplement fig 1 B). After carefully cleaning
the muscle, blood, and membrane tissue attached to the spinous processes and both transverse
processes of the spine and surrounding bone surfaces (L3 to L6 vertebrae), we inserted a
stainless steel groove into the lower part of the vertebral transverse process in a stable position.
To minimize motion artifacts, the entire transverse process was placed over the stainless steel
groove on both sides, and both the stainless steel grooves were adjusted using stereotaxic
apparatus until the wobble of the vertebrae had been suitably reduced (Supplement fig 1 A-B).
We then cleaned the field with H,O, for hemostasis and debridement and dropped 3M Vetbond
Tissue Adhesive (Amazon) to prevent tissue effusion. We gently removed the raised part of the
vertebral transverse process around L4 or L5 with a high-speed micro-drill (tip diameter 0.5
mm), leaving the surface of the trimmed bone and spinal cord in the same optical plane. After
gentle washing Physiological saline, and when the bleeding had stopped, we had access to a
clean window with an intact dura mater. After the surface of the spinal cord was cleaned with
sterile saline, we dropped a thin layer of Kwik-Sil® silicone elastomer to the surface and covered
the window with a 4-5 mm coverslip with minimal pressure until the diameter of the posterior
artery was reduced by approximately 50%. We gently sucked out the effusion and added 3M glue
while maintaining the pressure. Two minutes later, we sealed the edges and glued the skin to the
chamber with cyanoacrylate adhesive (fast curing super glue 406) and then dental cement. We
continuously delivered intraperitoneal injections of penicillin (50000 units/kg) mixed with

dexamethasone (0.2 mg/kg) for 7 days and tramadol (0.3 ml/kg) for 7 days postoperatively.

GCaMP6s was expressed with a recombinant adeno-associated virus (AAV) under the
calmodulin-dependent kinase 11 promoter (2.26x10'2 GC per ml). After exposure of the L3 or L4
spinal cord segment, we placed a piece of hemostatic sponge to the surface to keep it moist and
clean. Then, 0.3 pl of AAV9-CaMKII-GCaMP6s was injected manually within 10 min 300—400
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um left of the center of the posterior artery (at a depth of 150-200 mm below the dura) with an
injector (Thinker Tech) and glass microelectrodes. Next, we added a drop of Kwik-Sil® silicone
elastomer to the target region. Ten minutes later, we carefully lifted the microelectrodes and
moved the silicone elastomer away. We then finished the process described above and kept the

mouse warm until recovery.

SNI model

SNI has been used to induce neuropathic pain as described in previous studies *’*°. Briefly, each
mouse was deeply anesthetized by inhalation of 1.5-3% isoflurane in 100% O and placed on a
stereotactic stage, and a longitudinal skin incision was carefully made after sterilization with
70% ethanol. Using forceps, the biceps femoris muscle fibers were separated to allow
visualization of the sciatic nerve and its three terminal branches: the sural, common peroneal,
and tibial nerves. SNI was induced by tying a tight ligature made from 5.0 silk sutures
(RockTechtl) around the common peroneal and tibial nerves, and then transected distal to the
ligation, removing approximately 4 mm of the distal nerve stump, whilst leaving the tibial nerve

intact. The skin was then closed and stitched with 5.0 silk sutures (RockTechtl).

Von-Frey test

Mechanical allodynia was measured using the top-down method *° using von Frey filaments
(Stoelting, Wood Dale, IL, USA), with ascending forces expressed in grams (0.02 to 2.0 g). Mice
were habituated for 20—30 min in silent enclosures with a wire mesh floor. Each filament was
applied five times in a row against the medial plantar surface of the hind paw. Prolonged hind
paw withdrawal, rapid fanning, or licking induced by the filament was defined as a positive
nociceptive response. If a positive response was observed, filament lower strength filament was
applied, and if there was no response, a stronger filament was applied. The lowest gram-force
eliciting positive responses in three of the five repeated stimuli was defined as the 50%
withdrawal threshold. The pattern of responses was used to calculate the 50% threshold =
(10[x+x3])/10,000), where y is the log of the final von Frey filament used, « is the tabular value
for the pattern of responses, and 0 is the mean difference between filaments used in log units.
The log of the 50% threshold was used to calculate the summary and test statistics, in accordance

with Weber’s law.
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Freely moving mouse two-photon imaging

We used a compatible scan lens to support the FOV for imaging. The excitation wavelength was
determined to be 920 nm. Imaging FOV: 420x420 um, XY pixels: 512x512, acquisition frame
rate: 4.84 Hz. Thirty days postoperatively, the mice were assessed and used for imaging. With a
clean window and intact motor ability, the mouse was restrained with a special holder and the
2.5x2.5 mm? square window over the target region of dorsal horn was targeted with FHIRM-
TPM. A well-matched holder was mounted in the chamber and reinforced with a cyanoacrylate
adhesive. A detachable 2.8 g lens with fiber and cable was fixed to the assembly for imaging.
Individual mice carrying the assembly with or without lenses were tested in the behavioral

experiments.

Behavioral tests

The mice were subjected to an open field test. Mice were acclimatized to the environment for 1—
2 min before the test and placed in a circular open field (diameter 50 cm, height 50 cm). Each
mouse was allowed to rest before trials, and all videos were simultaneously recorded with a
camera from the top of the cage. Motion test: mice with FHIRM-TPM were placed in the testing
field and moved freely for 10 min. Air puff: the mouse was placed in the field. Compressed air
was used to stimulate the mouse with acute airflow, and the mouse stimulation was delivered
continuously for 10 s. We recorded the free behavior and images of spinal cord neurons
simultaneously. The stimulation was performed 5—6 times with an interval of approximately 90 s.
Pinching: we used a custom-made clip (P=340 g) to clamp the whole hind paw or the medial
plantar surface of the hind paw of the mouse for 30 s. Then, we removed the clip and allowed it
to move freely. Ice treatment: a rat breeding box with ice was placed in the middle of the circular
open field. The mouse was placed on ice for 15 or 90 s during recording. We repeated the 15 s

ice trail 5-10 times between intervals of approximately 90 s.

Data processing and analyses
Image data analysis: Based on synchronously recorded behavioral videos, we selected axon
images in the target period and analyzed them with ImageJ. The specific steps were as follows:

Use ‘Image’ > ‘Z-projector’ > ‘max intensity’ to obtain the maximum projection of the
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continuous image in the target time period. To compare the image displacement in different
periods, we selected eight axon sites in the horizontal plane for displacement statistics. The

average displacement value of the eight sites was taken as the index for motion artifacts.

Similarity assessment of spinal cord video frames: The MS-SSIM index was used to quantify
the similarity between two adjacent frames of the spinal cord video. The ‘multissim’ function
in MATLAB was used to calculate the MS-SSIM. The one-hundredth frame in each spinal cord
video was selected as the reference image to calculate the MS-SSIM with each other frame in
the same video. Then, the distributions of the MS-SSIM of each video were binned and plotted

using 30 bars.

Calcium imaging data analysis: In this study, the somas of spinal cord neurons were labeled
with GCaMP6s in the cytoplasm. Raw calcium imaging data were processed using customized
software for non-rigid motion correction of calcium imaging data (LeapBrain RAYGEN
HEALTH). Regions of interest (ROIs) corresponding to visually identifiable somas were
selected for quantification of dorsal horn neurons. The fluorescence time course in each soma
was measured using ImageJ by averaging all the pixels within the ROI covering the soma.
AF/F0 was calculated as AF/F0 = (F—F0)/F0x100%, where FO is the baseline fluorescence
signal averaged over a 2—5 s (free-moving period corresponding to the lowest fluorescence
signal over the recording period. Stimuli such as air puff, ice, and pinch were delivered, F0
was the baseline fluorescence signal averaged over a 15-20 s period corresponding to the
lowest fluorescence signal over the recording period. Active spinal cord neurons were defined
based on the criteria that calcium transients were beyond the threshold of one times the
standard deviation of the baseline. To compare the neuron release patterns under different
stimuli and at different times, we counted the 4F/F( during calcium release. To compare
neuronal activity among different cells and at different time points, we performed an integrated
measurement of a cell’s output activity over the total stimulus duration, termed total integrated
calcium activity, and calculated the area under the curve (AUC). The total integrated calcium

activity was the average of 4F/F0 over the total stimulus duration. The AUC is calculated as:

N>
AUC = Z far/r, (M)

Tl=N1
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where 7 is the sample time point of calcium activity, NV, is the start time point, N> is the end

time point and far /g, (1) is the AF/F0 of calcium activity.

PCA of neuron data: Using PCA, the best linear combinations of neural activities were
extracted as principal components (PCs) to represent the main information. The ‘pca’ function
in MATLAB was used with the dimension of neural activities considered as a variable. The
first 19 PCs could explain more than 90% of the total variance, which were sorted by the

eigenvalues and plotted.

Correlation analysis of speed and neural activities: The ‘jbtest’ function in MATLAB was used
to test the normality of data before temporal correlation analysis. The ‘corr’ function in
MATLAB was used to calculate the temporal correlations between speed and each neuronal
activity or PC of mice. If the data followed a normal distribution, Pearson's correlation was
used. If the data were not normally distributed, Spearman's correlation was used. The
distribution of CCs was estimated using kernel density estimation. Because of the cluster gram
of neurons with different stimulations, the peak values of each neuron with different
stimulation periods were first arranged in a matrix. Second, hierarchical clustering was
separately used for stimulation and neuron dimensions. Third, the standardized Euclidean
distance was used to calculate the pairwise distance, and the inner squared distance was used
for the clustering trees. Finally, according to clustering trees, neural activity data were sorted

and plotted with dendrograms of stimulation modes and neuron dimensions.

Behavioral data analysis: Behavioral video clips of the mice were analyzed using the Anymaze
animal behavioral analysis software and MATLAB. Through multi-view image tracking and
track reconstruction, the movement distance and movement speed of the mouse during the

analysis period were extracted as indices of the motion ability.

Statistical analyses
Data were analyzed using GraphPad Prism 9.0 software. Before hypothesis testing, data were
first tested for normality using the Shapiro-Wilk normality test and then for homoscedasticity

using the F test. If the null hypothesis was that the data had a normal distribution and
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homogeneity of variances could not be rejected, parametric tests were used (for example,
Student's t-test for two groups, one-way ANOVA with Tukey’s multiple comparisons test for
more than two groups). If the null hypothesis was that the data did not have a normal
distribution and homogeneity of variances could be rejected, nonparametric tests were used
(for example, Mann-Whitney test for two groups, one-way ANOVA with the Kruskal-Wallis
test for more than two groups). NS, single, double, and triple asterisks indicate N.S. P > 0.05, *
P <0.05, ** P <0.01, and *** P < 0.001, respectively.
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Figure titles and legends

Figure 1. Performance of FHIRM-TPM compared with an imaging chamber for optical
access to the spinal cord in freely behaving mice. A) Image of custom-designed implantable
spinal chamber placed under the transverse process at lumbar level L3/4/5 or L4/5/6. B—C)
Schematics showing the implanted imaging chamber and the two-photon microscope objective in
cross-section. D—E) Illustration and photograph representing a mouse wearing the FHIRM-TPM
headpiece. F—G) Total travel distance (left) and average speed (right) in the locomotor test for
mice before surgery at baseline (BL), with chamber only (without mTPM), or mounted with
mTPM (N=6-8 mice per group; N.S. P > 0.05, *P<0.05). H-I) Mouse movement speed (black
trace) during a 30 s recording period (left) and representative images of spinal cord axons at the
initial frame (T1), the frame corresponding to the maximum speed of the mouse (T2), and the
frame after running bouts (T3) (right). Image displacement occurred mainly in the rostrocaudal
direction (Merge). Scale bars, 50 mm/s and 4 s (top); 50 mm (bottom). J) Population data
showing image displacement in mediolateral or rostrocaudal directions occurred when the mouse
was resting, running, and turning (N=6 mice per group; **P<0.01). K) Total brightness of all
frames traced for 200 s from 5 mice showing image displacements in the dorsoventral direction.
Left: brightness changes of axons in real-time imaging of 5 typical mice; middle: MS-SSIM
index showing the distribution of images of all frames within 200 s from 5 mice; right:
normalized brightness is depicted as a probability distribution of image displacements in the
dorsoventral direction (N=5 mice; each curve represents data from an individual animal). Note
that there is almost no image loss in the dorsoventral direction. N.S. P > 0.05. FHIRM-TPM, fast
high-resolution miniature two-photon microscopy; mTPM, miniaturized two-photon microscopy;

MS-SSIM, multiscale structural similarity.

Figure 2. In vivo two-photon calcium imaging in the spinal cord. A) Representative two-
photon in vivo image of the spinal cord in an awake fixed or free-moving state. Right: yellow
circles represent representative identifiable neurons. Left: Ca?* traces the same neurons over a 60
s period. B) The proportion of spontaneously active neurons in awake and free-moving states
(N=6 mice per group; **P<0.05). C) The average maximum response amplitude of individual
neurons, (Awake, N=51 neurons; free-moving, N=97 neurons; N=6 mice per group;

***P<(0.001). D) Representative two-photon image showing spontaneous activity of neurons in
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the spinal dorsal horn in a free-moving state. E) ROI contour map of an identified cell bodies.
The purple to blue color gradient indicates the average brightness intensity of cell bodies from
strong to weak. F) Ca?* traces of neurons indicated in D. G) Heat maps showing the cellular
activity of 4 representative mice (M1-M4) when they moved freely in a circular open field for 10
min. The left ordinate shows the number of cells extracted from each mouse, and the horizontal
coordinate shows the recording time. In the spinal cord, there is a high synchronization of
spontaneous neuronal activity. Curves of different colors represent the number of neuronal
activity simultaneously. H) Speed (top), neural activity principal component (middle), raw neural
activity data (bottom) from one mouse. Arrows indicate the onset time of the air puff (which
lasted 5-10 s). PCA showed that 19 dimensions could explained 90% variance. With the red line
as the boundary, the left side indicates the time when mice were moving freely without
stimulation. Data showed that both the speed of the mice and the neural activity increased after
the air puff (N=1 mice). 1) Probability distribution of correlation coefficients between raw neural
activity data and speed (left), and correlation coefficients between principal components of
neural activity and speed (right). CC, Correlation Coefficient. The correlation coefficient
indicated that both the original data and PCA data are independent of speed. (N=5 mice per
group; each curve represents data from an individual animal) J) The heatmap of neural activities
correlated with speed. The ratio at which a particular intensity of neural activity is generated at a
particular speed. These particular intensities of neural activity were generated by specific
behaviors (Free, before wind, during wind, after wind, respectively, data reflects 10 s of each).
Note that the ratio increased during and after air puff stimuli. K) Neural activity rates at different
speed levels (Slow: 0-0.25 cm/s, Medium: 0.25-1 cm/s, Fast: 1-2 cm/s). Note that the ratio is
significantly higher during air puff stimuli (N=5 mice; each curve represents data from
individual trials, 5 trials in 1 mouse; *P < 0.05; **P < 0.01; ***P < 0.001). ROI, region of

interest; PCA, principal component analysis.

Figure 3. Sensory information encoding by dorsal horn neurons. A) Representative two-
photon images of dorsal horn neurons expressing GCaMP6s in mice presented with various
external stimuli (Air puff, Pinch, and Ice). Scale bar, 50 um. B) Ca?* traces of neurons indicated
in A). C-D) A rank-ordered plot of maximum response amplitudes of all 248 neurons. Black,

Ice—15 s; cyan, Air puff; blue, Pinch; red, Ice-90 s. E) A4F/F0 of all dorsal horn neurons
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following Pinch (N=192 neurons), Air puff (N=194 neurons), Ice-15 s (N=207 neurons), and
Ice—90 s (N=191 neurons). Gray envelopes indicate the median (N=5 mice per group; N.S. P >
0.05). F) Cluster diagram of neuronal activity under different external stimuli (Air puff, Pinch,
Ice). G) Venn plot shows the number of activated neurons in each group. H) Heat maps showing
the activity of all 80 neurons that were activated after Ice stimuli. Each row in the heat map
represents the response from the same neuron across the whole stimulus duration. Scale bar, 15 s.
I) Population average AF/F0 of all activated neurons following Ice—15 s or Ice—90 s stimuli. Blue
and green lines indicate the mean value, and light green and light blue envelopes indicate the
SEM. J) AF/F0 of all sensory neurons following lce-15 s, Ice-90 s (N=5 mice per group; N.S.

P > 0.05). K) The percentage of neurons activated by different ice stimuli (N=5 mice per group;
N.S. P >0.05). L) The proportion of neurons activated in different time periods during Ice—90 s
stimulation. Each curve represents one mouse. Note that during the late stage of ice stimulation,
the proportion of neurons activated decreased significantly (N=5 mice per group; N.S. P > 0.05).

AF/F0, maximum response amplitude; SEM, standard error of the mean.

Figure 4. Long-term two-photon imaging of axons. A) Representative two-photon images of
axons of spinal cord neurons expressing GFP. Scale bar, 50 um. B—C) Population data showing
image displacement in mediolateral and rostrocaudal directions occurring over 5 min. (N=6 mice
per group; N.S. P > 0.05, *P<0.05, **P<0.01, ***P<0.001). D) Heat map showing the motion
track of mice in the circular open field over 60 days. The red to blue color gradient indicates the
speed from strong to weak. E) Population data showing total distance and average speed in 5 min
OFT for mice over 60 days (N=6 mice per group; *P<0.05). GFP, green fluorescent protein;
OFT, open field test.

Figure 5. Long-term two-photon imaging of the activity of sensory neurons. A)
Representative two-photon images and fluorescence traces of sensory neurons expressing
GCaMP6s over 21 days. Scale bar, 50 um. B) Representative heatmap showing the spontaneous
activity of spinal dorsal horn neurons of 2 mice. Scale bar, 50 s. C) Representative two-photon
images and fluorescence traces of sensory neurons expressing GCaMP6s, before and after ice
stimulation. Scale bar, 50 um. D) Heat maps showing the activity of all neurons that were

activated after ice stimuli over 21 days (N=5 mice per group). Each row in the heat map
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represents the response from the same neuron throughout the whole stimulation duration. Scale
bar, 15 s. E) Population average AF/F0 of all activated neurons following ice stimulation over 21
days (N=5 mice per group). Black, 1 day; cyan, 7 days; green, 14 days; dark red, 21 days; light
color envelope indicates SEM. Black line denotes the position of ice stimulating process. F)
Maximum response amplitudes (left) and Integrated Ca?* activity (right) of active neurons over
time (N=5 mice per group; N.S. P > 0.05). 4F/F0, maximum response amplitude; SEM, standard

error of the mean.

Figure 6. Sciatic nerve injury induces long-lasting increases in neuronal Ca?* activity in
neuropathic pain. A) Withdrawal threshold test (N=4 mice per group; *P<0.05). B)
Representative two-photon images of the response of dorsal horn neurons to pinch stimulation
before and after SNI. Scale bar, 50 um. C) Left: AF/F0 (maximum response amplitudes) of all
sensory neurons during pinch stimuli. Right: the percentage of neurons activated by pinch stimuli
before and after SNI (N=4 mice per group; N.S. P > 0.05). D) Population average AF/F0 of all
activated neurons following pinch stimuli before and after SNI. Black, Pre; green, 14 days after
SNI. The light color envelope indicates SEM. E) Total integrated Ca?* activity of active neurons
before and 14 days after SNI (left). The integrated Ca?* activity in different time periods during
pinch stimulation (right). Note that during the late stage of pinch stimuli, the integrated Ca?*
activity activated is significantly prolonged 14 days after SNI (N=4 mice per group; *P<0.05,
**pP<(.01, ***P<0.001). F) Representative two-photon images of the responses of sensory
neurons to pinch stimuli before SNI and images of abnormal neuronal responses to various
external stimuli after SNI. Scale bar, 50 um. G) Heat maps reflecting the activities of the
abnormal neuronal responses to different external stimuli in the same FOV (an example field of
view) after SNI (N=1 mice). H) Percentages of abnormal neuronal response exhibiting Ca®*
transients during different external stimuli compared with pain before and after SNI (N=4 mice
per group; **P<0.01, ***P<0.001). SNI, sciatic nerve injury; AF/F0, maximum response

amplitude; SEM, standard error of the mean; FOV, field of view.
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