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Lesioning is one of the most powerful tools in systems neuroscience. It allows one to test the role of particular cells by removing them from a
neural circuit via ablation, and then assessing the effect on network function. However, the level of new knowledge these lesion experiments
yield depends on the selectivity and accuracy of the lesion.

Here we present a novel approach consisting of automated cell-specific two photon laser-ablation experiments performed in vitro in the context
of network function. We developed a computer-controlled system to detect neurons via multi-photon microscopy, store their locations in memory,
and then laser-ablate the target neurons one at a time, in sequence, while monitoring the output of the neural circuit electrophysiologically. Use of
a long-wavelength pulsed laser provides unprecedented specificity and control of the lesion in 3D, which we argue will provide equally powerful
new insights.

Our investigations focus on the circuit properties of the preBotzinger Complex (preB6tC) the respiratory central pattern generator located in
the lower brainstem of humans and all mammals (1,2). Retained in thin slice preparations from neonatal rodents, the preB6tC spontaneously
generates inspiratory motor rhythms that are measurable in vitro. Selective serial lesions can therefore be performed in the context of fictive
breathing behavior.

The experimental approach we describe will elucidate the cellular composition of the preB6tC and thus provide significant new information
regarding the generation and control of breathing. Subsequent applications of this technique to other systems will enable other groups and
investigators to interrogate locomotor and masticatory CPGs that can be also be studied in spinal cord and hindbrain preparations in vitro.
Indeed, our system will be broadly applicable to studying networks in vitro from any brain region.

In vitro studies of breathing. The neural control of breathing was originally studied in vivo, using anesthetized cats and rabbits (4,5). However,
since the isolated neonatal rodent brainstem can generate inspiratory motor patterns in vitro (6,7), newborn rats and mice have become
important experimental models. The neonatal mouse slice preparation is particularly advantageous because it exposes the preBo6tC for imaging,
electrophysiology, and laser ablation, while generating inspiratory motor patterns (1,2,8). And useful genetic models are frequently available for
mice.

Dissection and preparation of slices.

The Institutional Animal Care and Use Committee at The College of William & Mary approved the following protocols. Neonatal mice (P0-5)

are anesthetized and dissected in ACSF %see Materials above). We use WT C57BL/6 mice, Dbx1LacZ knock-in mice (9), Dbx1ER-Cre (10),
ROSA26-*P-STOPLOP-EYEP ice (ie., R2657T") and Ptf1a®™ mice (11,12). The neuraxis is isolated and pinned with its ventral surface facing out
onto a paraffin-coated paddle. The paddle is fixed into the vise of a vibrating microtome for sectioning in the transverse plane. We cut 300-550-
um-thick transverse slices with the preB6tC at the rostral surface, according to a calibrated atlas (8). The slices are mounted in a recording
chamber and perfused with 27°C ACSF at 4 ml/min. The external potassium concentration ([K'],) is raised to 9 mM and inspiratory motor output
is recorded from hypoglossal (XIl) nerve roots (see Electrophysiology below.

Multi-photon and confocal microscopy.

A fixed-stage upright laser-scanning confocal microscope (Zeiss LSM 510) is equipped with three confocal visible-wavelength lasers and a
tunable (720-980 nm) ultra-fast, mode-locked Ti:Sapphire laser, which generates 100-fs pulses at max 1.5 W (Mai Tai, Spectra Physics) for a
final output of ~900 mW at 800 nm. A 120 W metal halide lamp (X-Cite 120, EXFO) is also used in some experiments for rapid screening of
the tissue using fluorescent illumination. The LSM 510 scan head contains three internal descanned detectors, two external non-descanned
detectors, one sub-stage descanned detector for bright-field and IR-DIC imaging, and a 12-bit cooled charge-coupled device camera for IR-DIC
videomicroscopy in real time applications to position slice and electrodes (Axiocam). The robotic XY translation stage (Siskiyou Corp.) is used
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to adjust the position of the slice preparation, in particular to move the imaging plane between bilaterally distributed regions of the preBo6tC. The
robotics can be manually controlled for defining the XY domain of the bilaterally distributed preB6tC, and then switched to computer control for
uni- or bilateral serial ablations via Ablator.py.

Fluorescent labeling of Dbx1+ neurons.

We cross WT and Dbx1-*#* mice to obtain viable heterozygous pups in Mendelian ratios, from which we cut slice preparations as described
above. Slices are incubated in ACSF containing 1.5 mg/ml FDG for 30 min at 37° C. The IacZE%ene product -galactosidase ( gal) activates
fluorescein and enables Dbx1* neurons to be identified via fluorescence. We also cross Dbx15C™ and R265""" mice to obtain Dbx15%
Cre.Ro6EYFP pups in which the timing of tamoxifen administration during pregnancy produces fluorescent Dbx1" neurons in the preB6tC and
contiguous dorsomedial medulla.

Fluorescent labeling of Ptf1a+ neurons.

The Hox gene Ptf1a controls the development of glycinergic neurons that originate in the dorsal neural tube (11,12) and settle in the hindbrain
preB&tC area. Reporter gene expression in Ptf1a~"®;R26 F? mice is robust in the preBotC.

Loading Ca**-sensitive fluorescent dye.

Incubate slice in 1.5 ml centrifuge tube with 100 uL of 9 mM K" ACSF. Add 10 pL D-Mannitol stock solution (1 M) to the centrifuge tube. Thaw
one aliquot of Fluo-8L AM stock solution and add its contents to centrifuge tube; the final Fluo-8L AM loading concentration is ~32 uM. Incubate
the slice for 1.5-2 hours at room temperature (or 37° C in the dark). After incubation, rinse slice in normal 9 mM K* ACSF in the recording
chamber for 20-30 min while recording Xl output, which should be stable in frequency and amplitude before beginning the experiment.

Electrophysiology.

XIl nerve roots are recorded using suction electrodes and the differential amplifier. XII output is full-wave rectified and smoothed for ease

of display. Most lesion experiments are done without intracellular recordings, but this additional form of measurement can be performed in
conjunction with the detection and lesion experiment. We perform patch-clamp electrophysiology either with a current-clamp amplifier or using a
patch-clamp amplifier in voltage- or current-clamp mode. All electrophysiology data are digitally acquired at 2-10 kHz using a 16-bit AD converter
after analog 1 kHz filtering.

Define XY domain of target nucleus.

With the experimenter controlling the stage and focus, the slice is maneuvered to situate the preBo6tC in the center of the field of view under
videomicroscopy. The GUI in XYTranslator_control. is used to save the coordinates of the center position, which becomes the definition of the
center of the preB6tC. Perform this localization on both sides of the transverse slice to define the preBo6tC bilaterally.

Define Z domain of target nucleus.

Again with the experimenter controlling the stage and focus, the slice is scanned with the configuration fluo-4-MP or YFP3 (as appropriate
depending on the specimen slice) using the 20x objective and digital zoom to image the preBotC at cellular resolution. The user defines the
depth (z-range) of the field on each side, and also defines the center point of the field bilaterally such that it is contained within 425 pm2
(512x512 pixels). The z-values are entered into. POSITION_1_ZRANGE = [z4, z,], POSITION_2_ZRANGE = [z3, 4], in AblatorConfiguration.py
where zi indicates confocal plane depth in um. This information is stored in memory so that robotics can translate the stage to Position 1 and 2
automatically.

Initialize hardware.

This step creates directories to store all the data, establishes connections to the robotic XY stage translators and microscope controller, and time
syncs the computers.

Detect targets.

Neurons subject to the ablation protocols are either static, i.e. Dbx1" or Ptf1a*, or dynamic, i.e. rhythmically active inspiratory neurons detectable
via Ca”" imaging.

Static targets are detected by an iterative threshold-crossing routine. The program acquires a high-resolution confocal image at a given depth
(z-axis). Then an analysis feature in ImageJ finds a mask of local maxima. At first, with a high threshold, few local maxima are detected and the
mask is small and sparse with regions of interest (ROIs). The routine then lowers the threshold by a user-defined increment and re-analyzes
the image. As threshold decreases in steps, more ROIs become detectable. These newly detected ROls are added to the mask, which results
in an expansion of the list of potential target neurons. The threshold is decreased incrementally over a user-defined number of iterations, which
generally entails 100-200 partitions up to 4096 values of fluorescence intensity (for a 12-bit image). As the detection process continues and
threshold decreases incrementally, the smaller ROIs from prior iterations which are fully contained in larger ROls from the current iteration are
discarded, and the new larger ROls are retained. Conversely, when a newly detected ROI at the current iteration envelopes two or more ROIs
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from a prior iteration, the newly detected 'superset' ROl is discarded, and the multiple ROls from the earlier iteration are retained. After looping
through all the partitions, the final set of ROIs is saved as the mask of target neurons for that focal plane (measured according to z-axis position).
The process described above is repeated throughout the z-axis on both sides of the slice preparation. We generally move in 10-uym increments in
the z-axis. The final set of targets is stored in memory.

Dynamic targets are also detected with an iterative threshold-crossing algorithm as described above. However, an additional layer of analysis

is applied to evaluate rhythmicity. Rather than take a single high-resolution confocal image, here the program takes a time series of images (50
ms per frame at 20 Hz). The stack of images is projected into one planar image by calculating the standard deviation (SD) of the fluorescence
intensity, which should ideally indicate regions whose fluorescence changes periodically during the acquisition phase. This first stage of
processing thus produces the mask of targets based on an indirect measure of rhythmicity. Once the mask of ROls is determined for dynamic
targets, the program analyzes each ROI to assess dynamic fluorescence changes from the time series. A temporal lag filter is applied to obtain
AF/F for each ROI using scripted routines in Imaged, which can be plotted as a function of time or as colored-coded rasters for multiple ROIs
(Fig. 10, right column). The program then calculates a relative power spectrum density graph for each ROI using Fourier analysis, and searches
for significant power at frequencies in the range of 0.2-0.35 Hz, which is typical for respiratory rhythm in breathing slice preparations. (Other
users in different preparations could adjust the appropriate frequency in this step.) A score is evaluated based on the relative peak power in

this frequency range. ROIs that fail to score at least 40 (arbitrary units) are discarded. In this way, the dynamic target selector arrives at a final
array of target neurons, in which many of the original static ROls are no longer considered bona fide respiratory neurons. The process of finding
rhythmically active respiratory neurons in each confocal section is repeated throughout the z-axis, and bilaterally repeated. The final set of
rhythmic, i.e., dynamic, targets is stored in memory.

Step 4: Choose target.

Selecting a target for ablation is random by default, drawn from the 3D volume of detected neurons (Dbx1+ or inspiratory) as defined by static or
dynamic criteria. For example, the upper graphs in Fig. 7 show 42 random selections [right] from 233 possible targets [left]. However, selection
criteria can be based on any quantifiable measure, for example:

1. Centroid: preferential selection based on proximity to the center of collected targets,
Magnitude of fluorescence: the magnitude of the AF/F can be used to preferentially lesion the strongest rhythmically active inspiratory
neurons first,

3. Left-right alternation: before the lesioning loop begins, the user can define whether to alternate 1-to-1 lesions across bilateral parts of the
preBo6tC or to perform n-number of lesions ipsilaterally before switching to the contralateral side.

Ablation.

The Ti:Sapphire laser is tuned to 800-810 nm, focused on the target ROI in a planar scan mode but with maximum optical zoom, and then
scanned with maximum intensity over the soma of the target until the software deems it vaporized. Confirmation of target ablation is obtained

by imaging the ROI using the descanned detector on the laser-scanning microscope with a 560-615 nM band-pass filter. Emission within this
range detects light scattering due to vaporized tissue (i.e., a cavity in the tissue now filled with water vapor), while excluding green dyes (e.g.,
fluorescein, Fluo-8L, etc...) as well as IR wavelength reflections from the laser. The multi-photon approach is inherently confocal so there is no
photo-damage outside the focal plane. The Ablation is repeated according to the strategy (see 3.b.viii in SOFTWARE, above) until all targets are
exhausted.

The network activity will have been recorded throughout the experiment, so the effects of lesions can be monitored in real time, and by post-
hoc analysis of the time course of the experiment. The software writes a log file that documents the progress of the experiment and logs all
lesions by index number. It also records images of each lesioned ROI and obtains images every n-lesions according to the environment variable
annotateEveryXLesions = 10, which is here set to its default of 10.

Post hoc histology tests of slices subject to lesion protocols. We use a calibrated atlas by to verify that the preB6tC was at the slice surface (8).
This atlas was originally for rats, but has been expanded to include mice, and the authors have generously provided us with a preprint for our use
in mice. After the lesion experiment, the slice is placed into fixation solution composed of 4% paraformaldehyde in phosphate buffer (1:2 mixture
of 0.1 M NaH,PQO4 + 0.1 M Na,HPO, in H,0, pH = 7.2) for 1 hour. The slice is then rinsed in phosphate buffer for 2 min. After rinsing, the slice is
submerged for 45-60 sec in Staining solution. The slice is then washed in a series of ethanol solutions (8). Finally, the slice is mounted in a well
slide for bright field microscopy, photographed via digital CCD, and measured against the calibrated atlas for anatomical landmarks.

Breathing consists of periodic movements of the diaphragm, thorax, and airways that result in ventilation. The underlying motor pattern originates
in the brainstem. A contiguous ventrolateral column of respiratory neurons extends from the facial motor nucleus (VII) of the hindbrain to the
phrenic motor nucleus (C3-C5) of the spinal cord. This column produces the coordinated motor pattern in living animals (4), bur there are
functionally significant distinctions among the constituent respiratory neurons and nuclei. In particular, propriomedullary interneurons in the
preBotC specialize in rhythm generation (2,13-15).

But which preB6tC neurons are rhythmogenic? Approximately 50% of neurons in the preBo6tC are glycinergic (16), yet inhibitory
neurotransmission is not obligatory for respiratory rhythm generation (14,17-19). Glutamatergic neurons are known to be essential for
rhythmogenesis (20-24), but peptidergic systems appear to be important as well. Neuropeptides including thyrotropin releasing hormone
(TRH), tachykinin substance P (SP), and somatostatin (SST) act in the preB6tC to vigorously modulate respiratory frequency (14,25-33). It is
possible that neurons (or subsets of neurons) that have until recently been distinguished by peptidergic or glutamatergic transmitter phenotypes
may in fact map to genetically distinct interneuron lineages, which has been demonstrated in the spinal locomotor networks (34,35). These
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genetic lineages can be labeled using a variety of fluorescent reporters, and then targeted in laser ablation experiments such as we have here
developed. Transcription factor Dbx1 may provide a particularly attractive genetic origin for the rhythmogenic kernel in the preB6tC, if it gives rise
to peptide-sensitive and glutamatergic neurons, which co-release SST (9,12), but this has yet to be demonstrated in hindbrain. Thus we initiated
the protocols here to test this idea via Dbx1+-selective cell ablations in the context of network function in vitro.

Two experiments that tested the cellular make up of the rhythm-generating kernel in vivo provide rationale for the present project. Injections

in the preBo6tC of the ribosomal toxin saporin conjugated to SP killed NK1R+ neurons over several days. Freely behaving adult rats showed

a progressive diminution of breathing behavior that led inexorably to ataxic breathing, respiratory pathology, and death (13,36). In another
experiment, transiently silencing SST+ neurons in the preB6tC via the K channel-coupled allatostatin receptor caused reversible apneas in vivo,
in which the animal subjects had to be mechanically ventilated to prevent asphyxiation (until the effects of allatostatin washed out) (15). These
experiments demonstrated the existence of an essential core of glutamatergic neurons in the preB6tC that are either SST+ or NK1R+. However,
the extent to which these neuropeptide receptor-expressing neurons reflect the same or overlapping subpopulations remains unknown. Thus, the
cellular composition of the preB6tC has not been unambiguously evaluated. Moreover, the cellular-level mechanisms that led to ataxic breathing
and central apnea in the experiments above could not be quantified in vivo, which limits the interpretability of the data.

Two overarching questions remain unsolved: 1) Which neurons comprise the rhythmogenic core and how can we properly characterize them?
And, 2) how do graded lesions impact rhythm-generating capability and what might this progression cell loss teach us about disease?

Each marker in the experiments described above (i.e., NK1R vs. SST) identifies a key fraction of the preBo6tC, but neither marker is definitive.
NK1R+ and SST+/SST2aR+ neurons reflect distinct but overlapping subpopulations in the preBo6tC (29, Figs. 2 and 3). Dbx1+ neurons in the
spinal cord are glutamatergic and settle in the ventrolateral region of the gray matter. Their position in hindbrain is similar. If the Dbx1+ neurons
have a similar transmitter phenotype, and are peptide-sensitive as well as peptide-sensitive, then Dbx1 may define a superset of rhythmogenic
neurons. We are actively testing whether Dbx1+ neurons comprise the rhythmogenic kernel of the preB&tC using the laser lesion approach
described here.

Determining the cellular composition of the preB6tC is a critical problem for basic respiratory physiology and neuroscience, with important
ramifications for public health. Adult rats subjected to chronic saporin lesions provide a model of respiratory failure with a central etiology (13),
which often occurs in the elderly and in patients suffering neurodegenerative disorders such as multiple systems atrophy (MSA) (37,38) and
Parkinson disease (39). However, these experiments could not measure how progressive loss of preB6tC neurons correlates with deteriorating
respiratory function. Thus the cellular mechanisms that lead to pathophysiology remain incompletely understood. Additionally, activating
allatostatin receptors in vivo transiently silences a large fraction of the preB6tC at once, which precludes studying the effects of graded neuron
removal altogether. While wholesale silencing and chronic lesion experiments in vivo provided important new knowledge, both have limitations as
disease models. We propose to overcome some of these limitations, and provide an important complement to in vivo approaches, by performing
graded cell-specific lesions in an in vitro slice model of breathing. Neurons in the preBo6tC will be precisely identified by fluorescent markers
(Dbx1-specific or rhythmic ca® activity) and then ablated in a controlled sequence. We are able to quantify the effects on inspiratory motor
output (XII discharge) as a function of number of cells destroyed in the preBotC.

Thus this lesioning method may help elucidate the mechanisms contributing to respiratory failure in MSA and Parkinsonism. This in vitro
approach will also provide a model that may be broadly applicable to understanding neonatal breathing disorders such as apnea of prematurity,
and could be readily adapted using serotonergic neuronal markers to study sudden infant death syndrome (SIDS) (40). Our in vitro approach will
also provide basic information that may help to understand diverse respiratory pathologies that impact sleep including central sleep apnea and
catathrenia, a.k.a. nocturnal groaning (41) among other forms of sleep-disordered breathing (36). Neurons with low endogenous Ca®" buffers
including XIl motoneurons and neurons in the preBo6tC (42) are susceptible to degeneration and cell death in amyotrophic lateral sclerosis (ALS)
(43). Thus, we can also provide a complementary in vitro model of ALS in which either Xl motoneurons or preB6tC neurons can be selectively
ablated in graded fashion.

Respiration, locomotion and ingestive oral-motor behaviors all consist of rhythmic movements formed by central pattern generator (CPG)
networks of the brainstem and spinal cord (44,45). Understanding CPGs is an important problem in neurobiology that takes on added
significance when considering the significant health problems that result from spinal cord and hindbrain dysfunction (46). Spinal cord injury
affects ~450,000 United States citizens, with 10,000 new cases annually. Hindbrain abnormalities give rise to orofacial dyskinesia, bruxism, and
dysphagia, which contribute to chronic craniofacial maladies (47). Treatment strategies will benefit from more thorough knowledge of spinal cord
and brainstem pattern-generating circuitry. This type of lesioning approach will advance our general understanding of the structure and function
of CPGs by examining the respiratory oscillator (preB6tC) as a model system.

Our lesioning system offers several new advantages. First, neurons can be deleted in a controlled sequence, rather than wholesale, to simulate
graded destruction of networks as may occur in disease. The controlled sequence of the ablations is user- and application-specific, and can be
based on any number of optically measurable or quantifiable criteria, e.g., in a random sequence, based on centroid position in a volume, as a
function of fluorescence signal intensity, as well as other options. In addition, while contemporary optogenetic methods (48,49) allow for selective
activation or de-activation of neurons with single-cell precision, the cells do not remain activated or de-activated. Thus, when studying a network
behavior like rhythm generation, a ubiquitous brain activity, our approach may provide a useful tool to complement optogenetic methods because
single cells can be de-activated cumulatively.

No conflicts of interest declared.
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