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Summary

CO», is an important metabolic product whose concentrations are constantly monitored by CO,
chemoreceptors. However, the high systemic CO, sensitivity may not be achieved by the CO,
chemoreceptors without neuronal network processes. To show modulation of network properties
during hypercapnia, we studied brainstem neurons dissociated from embryonic rats (P17-19) in
multi-electrode arrays (MEA) after initial period (3 weeks) of culture. Spike trains of 33,622 pairs
of units were analyzed using peri-event histograms (PEH). The amplitude of pericentral peaks
between two CO,-stimulated units increased and the peak latency decreased during hypercapnia.
Similar enhancement of synaptic strength was observed in those sharing a common input. These
phenomena were not seen in CO»-unresponsive neurons. The amplitude of pericentral peaks between
two CO,, inhibited units also increased without changing latency. Over 60% CO»-stimulated neurons
studied received mono-/oligosynaptic inputs from other CO,-stimulated cells, whereas only ~10%
CO,-unresponsive neurons had such synaptic inputs. A small number of brainstem neurons showed
electrical couplings. The coupling efficiency of CO,-stimulated but not CO»-unresponsive units was
suppressed by ~50% with high PCO. Inhibitory synaptic projections were also found, which was
barely affected by hypercapnia. Consistent with the strengthening of excitatory synaptic connections,
CO, sensitivity of post-synaptic neurons was significantly higher than presynaptic neurons. The
difference was eliminated with blockade of presynaptic input. Based on these indirect assessments
of synaptic interaction, our PEH analysis suggests that hypercapnia appears to modulate excitatory
synaptic transmissions, especially those between CO,-stimulated neurons.
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1, Introduction

CO», is a major metabolic product and plays an important role in systemic pH regulation and

acid-base secretions. The PCO, levels are tightly regulated by several feedback control systems
in which a critical step is the CO, detection by sensing cells in the brainstem and carotid body
(Feldman et al. 2003; Richerson 2004; Putnam et al. 2004; Guyenet et al. 2005b). Of particular
interest are brainstem CO,-chemosensitive neurons, as the systemic CO, response is retained
after carotid bodies are removed bilaterally. With these CO,-chemosensitive cells, the nervous
system can detect a change in arterial PCO5 by as low as 1 torr and couple it to a 20-30%
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change in ventilation (Feldman et al. 2003; Putnam et al. 2004). Such a systemic response does
not seem to be solely medicated by CO,-sensiting molecules as none of the putative CO,/pH
sensing molecules identified as yet is capable of producing significant alterations in membrane
potentials or other cellular activities in response to a change in 1 torr PCO5 (Jiang et al.
2005). It is possible that the brainstem neuronal networks play a role.

Several groups of CO»-chemosensitive neurons have been identified in the brainstem, such as
serotonergic neurons in midline raphé nuclei, glutamatergic neurons in the retrotrapezoid
nucleus, and catecholaminergic neurons in the locus coeruleus (Pineda and Aghajanian 1997;
Oyamada et al. 1998; Wang et al. 1998; Filosa and Putnam 2003; Severson et al. 2003; Mulkey
et al. 2004). These neurons, that do not belong to any major brainstem respiratory neuronal
groups, project to respiratory nuclei modulating postsynaptic neurons (Nattie 1999; Richerson
2004; Putnam et al. 2004). Thus, they are presynaptic with respect to respiratory
premotoneurons and motoneurons. Since the latter neurons are also CO, chemosensitive
(Onimaru et al. 1989; Kawai et al. 1996; Talley et al. 2000; Okada et al. 2002; Guyenet et al.
2005a; Kawai et al. 2006), there may be synaptic interactions between the pre- and postsynaptic
neurons allowing the necessary CO, signal amplification. Indeed, our recent studies have
shown that both pre- and postsynaptic neurons contribute to the CO, chemosensitivity of
cultured brainstem neurons (Su et al. 2007). Clearly, the understanding of brainstem neuronal
CO, chemoreception requires the information of not only the intrinsic membrane properties
but also the modulation of synaptic interactions during hypercapnia. To show
electrophysiology evidence for the modulation of synaptic transmissions by high CO,, we
performed these studies on primary neuronal culture in multi-electrode array (MEA) dishes.
Multiple neurons were simultaneously recorded, and their synaptic interactions were examined
using peri-event histograms (PEHSs), a method that allows an indirect assessment of synaptic
transmission.

2. Materials and methods

2,1. Cell culture in microelectrode arrays (MEA) dishes

The MEA dishes were purchased from MCS (Reutlingen, Germany). Each dish has 64
microelectrodes placed in the center (1.5 mm?) of the glass bottom with inter-electrode space
of 200um. The electrodes are embedded in glass with the tip (30um in diameter) exposed to
the culture medium. There is a larger internal reference electrode for grounding. The dishes
can be re-used after cleaning and autoclave. Before culture, 100pl polyethyleneimine (PEI)
solution (0.05%) in 0.1 M borate buffer (pH 8.4~8.6) was dropped to the electrode region and
kept for 1 hour, followed by plating the area with a 10ul droplet of 0.002% laminin (Sigma,
St. Louis, MO) for at least 30 min (Potter and DeMarse 2001; Su and Jiang 2006; Su et al.
2007).

Primary neuronal cultures were prepared from embryonic (days 17-19) rat brainstem, as we
described previously (Su and Jiang 2006). In brief, timed-pregnant Sprague Dawley rats were
euthanatized by the inhalation of lethal dose halothane (Halocarbon Laboratories, River Edge,
NJ), according to the protocols approved by the Institutional Animal Care and Use Committee
or IACUC of the Georgia State University. Embryos were removed from the uterus and chilled
onice. All tissues from the lower brainstem containing the whole medulla and pons were micro-
dissected into tissue blocks (0.5-1 mm?3) under sterile condition. From each fetus, 4-5
brainstem tissue pieces in ~0.5 mm thickness were obtained. Then each piece was split into
two. The tissue blocks from all fetuses in one litter were mixed together and digested in 5 ml
papain solution (Worthington-Biochem, Lakewood, N.J.) for 30 min in an incubator with 5%
CO,, 95% air at 37°C. The digested tissues were triturated by using a P-1000 Pipetman. Passing
through a 40 um Falcon filter (BD Biosciences, Bedford, Mass.), the solution was centrifuged
at 300 g for 5 min. After discontinuous density gradient centrifuge with albumin-inhibitor
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solution at 70 g for 6 min, the cell pellet was immediately re-suspended in culture medium.
Dissociated cells (20,000 to 50,000) were plated in a 20 pl droplet covering the 1.5 mm
electrode region of an MEA, forming a dense monolayer (Wagenaar et al. 2005). With this
protocol, each pregnant animal can be used for 8-10 MEA dishes. To reduce the variability
among MEA dishes, great efforts were made to keep the cell mixture as homogeneous as
possible, and recordings were performed under the same experimental conditions (Su and
Jiang, 2006, Su et al., 2007). However, there was certain variability among MEA dishes, and
some dishes showed more responsive neurons than others. The MEA dishes were kept in an
incubator (Model NU-4750, Nuaire, Plymouth, MN) with 5% CO, and 95% air at 36°C for
20~30 min and then filled with 1.2 ml of the Neurobasal medium (NBM) supplemented with
B-27 and GlutaMax-1 (GIBCO/Invitrogen, Carlsbad, CA). After 48 hours the NBM was
switched to Dulbecco’s modified Eagle’s medium (DMEM, Irvine Scientific, Santa Ana, CA)
with 10% equine serum added (Hyclone, Logan, UT). One half or 2/3 of the medium was
replaced with fresh medium twice per week. The dish was covered by a Teflon lid and tightly
sealed by a thin membrane of fluorinated ethylene-propylene (Teflon FEP film, 12.5 um
thickness, American Durafilm, Holliston, MA). The film is permeable to CO, / O,, but not to
microbes and water vapor (Potter and DeMarse 2001), allowing instant equilibrium of the gas
in the MEA culture chamber. Cells were maintained in a constant condition of 36°C, 5%
COy, and 95% air in the cell culture incubator.

2.2. MEA recording

Extracellular recordings were carried out at 36°C in DMEM by using a preamplifier (MCS
MEA1060-2, Reutlingen, Germany), which held one MEA dish and was kept in the incubator
during recording. Action potentials were digitized at 40 kHz by using a 64-channel A-D
converter with the MEA Workstation software (Plexon Inc., Dallas, TX). Single unit activity
was then identified using the OfflineSorter software (Plexon) based on Principal Component
Analysis methods (Horn & Friedman, 2003). CO, exposure was performed in the tissue culture
incubator in which step switch of CO, levels was reached within 1 min by the built-in CO,
sensor and CO5 controller. At baseline, the chamber was ventilated with 5% CO, (PCO, 38
mmHg). During exposure, the gas was switched to different PCO, levels from 20 to 80 mmHg.
Recordings were taken in 10 min each. Once the firing frequency of baseline recording was
stabilized for consecutive three recordings (30 min) with 5% CO5 (38 mmHg), step-elevated
PCO, administration was performed subsequently, followed by three to six washout recordings
(30-60 min) with 5% CO,. Pharmacological blockers were added to the dish with final
concentrations calculated according to the volume of culture medium. 10 pM 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) was used to block glutamatergic AMPA/kainate receptor,
and 2mM EGTA/1.4mM Mg?2* to block nonspecifically neural transmission. The method to
apply halothane (2mM) for the study of electrical coupling was the same as described
previously (He and Burt 2000). Chemicals were purchased from Sigma Chemicals (St. Louis,
MO).

2.3. Data analysis

Single unit was identified using the OfflineSorter software (Plexon Inc.) based on the Principal
Component Analysis methods (Horn and Friedman 2003). The CO» sensitive index was
calculated by obtaining the response slope value first: slope = (NYxy—(XX)(Xy) / (nYx2—
(>x)2), where x = PCO, (torr), y = spike count. Then, Sensitivity Index C = slope / Max Y,
where Max Y is the maximum spike count from among 4 different CO, concentrations.

The PEHSs were constructed with the Neuroexplorer software (Nex Technologies, Littleton,

MA\) using spike trains from each unit. Each spike was counted once at the time when it crossed
the threshold set in the MEA Workstation software (Plexon Inc.). The spike data were binned
in 0.3 or 0.4 ms. Neuronal pairs were randomly made with one of them as reference. Each unit
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was paired only once either as reference or target, and no units were paired to themselves. Each
spike of the reference was used to average spike trains of the target unit in 40 ms before and
after the reference spike. The peak and trough were accepted if they were greater than the
confidence level (P < 0.001). Units with total spike number less than 200 in a 10 min recording
(or 0.3 Hz) were rejected from data analysis. Peaks located at —0.4 ms < 0.4 ms were considered
as central peaks. Other peaks and troughs ranging from —6.0 ms to 6.0 ms were considered to
be pericentral. The peak width at half magnitude was examined. Units with the peak width >
0.5 ms and < 10 ms were further investigated, which were accepted only when they were found
not to be caused by single bin PEH spikes or high frequency oscillation in the neuronal pair.
Troughs ranging from 0.5 ms to 10 ms with trough/mean ratio < 0.5 were analyzed. For the
electrical coupling, the coupling efficiency was calculated using the peak count in the PEH
divided by reference spike number.

Data are presented as means + S.D. (standard deviation). Differences of CO, effects on
neuronal activity were examined using ANOVA or paired Student t test. The non-parametric
data for cell type distributions were examined with 2 test. Differences were considered to be
statistically significant if P <0.05.

3.1. Primary brainstem culture in MEAs

The cultured neurons started developing processes one day in culture and firing action
potentials in 2-3 days. Their firing activity varied in the first 2-3 weeks, became stable after
3 weeks of culture, and remained stable for at least 2 months (Su and Jiang 2006; Su et al.
2007). Thus all recordings were performed within 3-9 weeks of culture.

Neuronal CO, chemosensitivity was studied in a tissue culture incubator in which step changes
in CO, levels is achieved within 1 min. Since firing activity reached plateau in 7-8 min (Su et
al. 2007), we chose a 10-min CO5 exposure in this study. Such a CO, exposure augmented
firing activity of a group of neurons (Fig. 1A1). To quantify CO, sensitivity of the brainstem
neurons, we measured firing rate (FR) in each unit and plotted it against PCO, levels (Fig. 1B).
Since the FR of most units showed linear response in the PCO, range of 20 to 80 torr, a
sensitivity index C was calculated by fitting the response curve with a linear equation (Fig. 1B,
see Methods for details), and used to screen single units. A unit was considered to be CO5-
stimulated if C > 0.0067 (corresponding to a 20% change in FR with a 30 torr change in
PCO), to be CO,-inhibited if C <—0.0067, and to be CO»-unresponsive otherwise (Su et al.
2007). The CO, responses were reversible and reproducible in repetitive exposures (Fig. 1B).
Systematical analysis of synaptic interactions was performed after CO, response pattern was
identified in each unit.

3.2. Changes in excitatory synaptic interaction during hypercapnia

To reveal electrophysiological synaptic interaction, the PEH was constructed for each pair of
units with spike trains in a stretch of 10 min recording. Single unit recordings were identified
using spike sorting and interspike histograms (Fig. 1A,—A,). Because we were interested in
mono- or oligosynaptic connections, our data analysis was focused only on pericentral peaks
with latency <6 ms and a half-peak duration < 10ms (see Discussion). Of 33,622 pairs of units
studied from total about 50 fetuses in 5 pregnant rats, 472 pairs displayed PEH peaks wider
than 0.4 ms and taller than the 99.9% confidence level. Of these 472 peaks, 323 were pericentral
peaks, and 149 were central peaks. To assess how the synaptic transmission of these neurons
is affected by hypercapnia, we analyzed 1) the ratio of peak versus background firing activity
or the peak-mean ratio, 2) peak width, and 3) latency of pericentral peaks.
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Of the 33,622 pairs of units, 9,857 pairs had both units to be stimulated by hypercapnia
(PCO, 70 torr). In these units, 62 pairs showed pericentral peaks in the PEHs (Fig. 2A,B). The
peak-mean ratio of these CO,-stimulated units changed from 6.9+8.8 at baseline (PCO, 38
torr) to 9.8+£12.6 during hypercapnia (PCO, 70 torr, Fig. 2C), corresponding to a 42% increase
(P=0.0001, n=61; paired Student t Test). In comparison, no significant difference in the peak-
mean ratio was found in the CO,-unresponsive group (Fig. 2F). The peak latency, an indirect
measure of synaptic transmission efficiency and axon conduction velocity, was also affected
in these CO,-stimulated neuronal units, decreasing from 1.9£1.9 ms to 1.5%1.3 ms with the
hypercapnia (P=0.01, n=61; Fig. 2D). Such a change was not observed in CO,-unresponsive
units (P=0.61, n=167; Fig. 2G). The peak width measured at 50% peak amplitude remained
unchanged during hypercapnia in both groups of units (P=0.31, n=167; Fig. 2E, H).

We also studied 1,636 pairs of units that were both inhibited during hypercapnia (PCO, 70
torr). In these units, 93 pairs showed pericentral peaks in PEHs (Table 1). The peak-mean ratio
of these CO»-inhibited units changed from 7.9+£13.7 at baseline (PCO, 38 torr) to 9.8+13.1
during hypercapnia (Fig. 21), corresponding to a 42% increase (P=0.0007, n=92). The latency
of COo-inhibited units did not show evident reduction during hypercapnia. (P=0.19, n=92; Fig.
2J). The peak width did not change significantly during hypercapnia (P=0.18, n=92; Fig. 2K).

Central peaks were also found in a number of neuronal pairs, suggesting that these cells share
a common input (Fig. 3A). Statistic analysis showed that the peak-mean ratio of the central
peaks increased significantly in the CO,-stimulated neurons during high CO, exposure,
changing from 3.8+2.2 to 4.4+2.7 (P=0.003, n=43) (Fig. 3B, C). The peak duration became
significantly wider in the CO,-stimulated units during hypercapnia (Table 1, Fig. 3D). In
contrast, no significant changes in the peak-mean ratio and the peak duration of the central
peaks were found in CO,-unresponsive units (P=0.29, n=52; Fig 3E, F).

A total of 34 central peaks were found in CO,-inhibited units. Statistical analysis showed that
the peak-mean ratio was significantly enhanced during high CO, exposure, changing from 9.5
+13.8t011.4+17.1 (P=0.02, n=33) (Fig. 3G). The peak duration in the CO,-inhibited units did
not change during hypercapnia (Fig. 3H, Table 1).

3.3. Modulation in electrical couplings

Some of the central peaks (n=18 pairs) were extraordinary. They fired action potentials almost
always simultaneously showing very large peak amplitude in the PEH (Fig. 4A,). It is very
unlikely that these action potentials were recorded from the same cell, as the two electrodes
were separated by at least 200 um, and the spike distribution was not completely symmetric
in the PEH (Fig. 4A,). These units did not seem to be recorded from axons either, as the spikes
showed typical morphology of somata action potentials (Fig. 4C4, D7) (Gustafsson and
Jankowska 1976;Jiang and Lipski 1990). When they were plotted in coupling efficiency against
peak-mean ratio, these large central peaks were clearly segregated from the common inputs
and pericentral peaks shown above (Fig 5), suggesting that these action potentials were
recorded from two neurons with electrical synapses or gap junctions as have been previously
observed in brainstem neurons (Huang et al. 1997;Solomon and Dean 2002;Dean et al.
2002). Consistently, the coupling efficiency, i.e., peak spike counts of the target unit divided
by spiked counts of the reference unit, was almost completely suppressed in the presence of 2
mM halothane, a gap junction blocker (Fig. 6). Such electrical couplings were observed in
COs-stimulated (n=5) and CO,-unresponsive (n=13) units. The coupling efficiency between
CO,-stimulated neurons was significantly reduced during high CO, exposure (P=0.006, n=4;
Fig. 4B, E), while no significant changes were seen in the CO,-unresponsive group (P=0.21,
n=12; Fig. 4F).
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3.4. Inhibitory synaptic connections

Inhibitory synaptic connections shown as PEH troughs were observed in a small number of
neurons (Fig. 7A). Of total 6 toughs in 33,622 pairs of units, all reference units were CO,-
stimulated (n=6). The target units were CO,-unresponsive (n=5) and CO,-inhibited (n=1).
Although the trough width at half trough amplitude increased significantly during high CO,
exposure (P=0.03, n=5), the latency and trough/mean ratio did not show any significant changes
(Fig. 7C-E, Table 1).

3.5. Connection preference of cultured brainstem neurons

With the indirect assessment of PEHS, we studied connection preference of various types of
units. Of 122 CO,-stimulated units, 106 (87%) projected to another CO,-stimulated units, and
only 16 (13%) made synapses with CO,-unresponsive neurons (Fig. 8A;). In comparison, 59
of 205 (29%) CO,-unresponsive units projected to CO,-stimulated units, while most of them
(146 or 71%) synapsed with CO,-unresponsive units (Fig. 8A). When looking at the
postsynaptic cells (i.e., the receiver unit in the PEH), we found that 106 of 165 (64%) CO,-
stimulated units received mono-/oligosynaptic input from another CO,-stimulated units,
whereas 16 of 162 (10%) CO,-unresponsive units had such synaptic input (Fig. 8B4, By). The
%2 test showed significant difference in the connection preference of the CO,-stimulated versus
CO»-unresponsive units (x2=103.3, P<0.0001). CO»-inhibited neurons also showed a
connection preferential. Most of them (93 of 171, 54%) projected to another CO, inhibited
units, and 78 (46%) project to the CO,-unresponsive units (Fig 8C4). In contrast, 50 of 196
(26%) CO,-unresponsive units projected to CO»-inhibited units, while most (146 or 74%)
projected to the CO,-unresponsive units (Fig 8C,). When looking at the postsynaptic cells, we
found that 93 of 143 (65%) CO,-inhibited units received mono-/oligosynaptic input from
another CO,-inhibited units, whereas only 78 of 224 (35%) CO,-unresponsive units had such
synaptic input (Fig. 8D4, Dy). The y2 test showed significant difference in their connection
preference (x2=32.1, P<0.0001).

The CO,-stimulated units also showed a special distribution in bursting neurons. Of 150 units
whose firing patterns could be clearly distinguished, 81 were CO,-stimulated, and 69 did not
show evident response to hypercapnia. Sixty six percent of the CO,-stimulated units displayed
bursting pattern in their firing activity. In contrast, only 23% of the CO,-unresponsive units
showed bursting activity. The distributions were examined with the x2 test and showed
significant difference (y2=22.9, P<0.0001).

3.6. Enhancement of CO, chemosensitivity

If both pre- and postsynaptic neurons (the driver unit and receiver unit in the PEH, respectively)
are stimulated by high PCO», they together may enhance the overall CO, chemosensitivity of
the postsynaptic cells. To test this possibility, we looked at the FR response to hypercapnia.
Our results showed that the C value of postsynaptic neurons was significantly higher than that
of the presynaptic cells (Fig. 9A). We then blocked synaptic transmission to examine whether
some of the CO, responses of postsynaptic neurons were derived from presynaptic neurons.
Blockade of excitatory synaptic transmission with CNQX (10 puM) resulted in a significant
decreases in the C value in the postsynaptic neurons. In the condition of losing some of the
presynaptic contributions, the CO, sensitivity of postsynaptic neurons became comparable to
the presynaptic (Fig. 9B). We also found a group of units that lost CO, chemosensitivity almost
completely in the presence of 10 uM CNQX (Fig. 9C). Similarly the total elimination of the
CO;, chemosensitivity in such neurons was observed when synaptic transmission was non-
specifically blocked with low Ca?* (<1 uM) and high concentrations of Mg2* (2 mM) (Fig.
9D), suggesting that some CO,-unresponsive postsynaptic cells can gain their CO,
chemosensitivity from presynaptic neurons.
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Changes in the CO, chemosensitivity was also examined in the units showing electrical
couplings. By random pairing, we did not see any significant difference in the C value (P=0.45,
n=4; Fig. 9E). Meanwhile, we noticed that one unit in each pair tend to have lower CO,
sensitivity than the other. When those with lower C value were pooled together, we found that
their C value was significantly lower than their partners (P=0.0004, n=4; Fig. 9F), indicating
that these pairs are not equally CO,-chemosensitive. Since the coupling efficiency decreased
in these units (Fig. 4B), our results suggest that the inhibition of these electrical couplings
during hypercapnia may confine the CO, chemosensitivity to one cell preventing its cellular
responses from spreading to another cell.

4. Discussion

Using the MEA technique together with PEH analysis, we have studied CO, chemosensitivity
of cultured neurons obtained from the lower brainstem where all critical components for central
breathing activity are located including neurons for rhythm genesis, respiratory reflexes and
CO, chemoreception (Feldman et al. 2003). Consistent with previous reports (Neubauer et al.
1991; Rigatto et al. 1994; Wang et al. 1998; Su and Jiang 2006), our results have shown that
brainstem neurons in primary culture retain the capability of forming neuronal networks. Such
neuronal networks not only are morphological entities but also display clear functional activity.
Based on indirect assessments of synaptic transmission with PEHSs, several types of synaptic
connections indeed have been observed in the present study.

Because of several technical difficulties, we could not obtain neurons from well-defined
brainstem nuclei for our primary culture: First, these nuclei are too small and too transparent
to identify in the brainstem of fetus rats. Second, the successful neuronal culture relies on a
critical mass of the cell numbers. We failed to retain the cultured neurons from a small region
around locus coeruleus, even though multiple fetuses were used. We believe that these technical
limitations can be overcome with our continuing pursuing and the efforts by other research
groups including identification of specific neuronal marks and development of transgenic mice
with GFP in certain brainstem nuclei.

Since several brainstem areas necessary for respiratory controls and CO, chemosensitivity are
included in our cell cultures, some of the dissociated neurons may rejoin each other in culture
with synaptic connections, allowing processes of CO, chemosensitivity not only by their
intrinsic membrane properties but also by neuronal networks. Indeed, our results have shown
that neuronal network properties are also targeted by hypercapnic modulation. We believe that
this finding is important. Firstly, although theoretically possible, the CO, modulation of
brainstem neuronal network properties has not been well demonstrated previously, likely
owing to technical limitations such as long-term recordings from multiple cells with the
conventional electrophysiological approaches. Secondly, although studies on membrane
intrinsic properties over the past 6-7 years have led to demonstration of a number of potential
molecular sensors for CO, detection, the sensitivity of these molecules does not seem adequate
for the systemic response to a minute change in PCO», levels (Jiang et al. 2005). The
involvement of synaptic interaction can lead to amplifications of the CO, signal and may satisfy
the systemic need in response to hypercapnia. Furthermore, a large number of cells have been
shown to be CO, chemosensitive (Richerson 2004; Putnam et al. 2004; Jiang et al. 2005), while
the biological significance for having so many chemosensitive cells is still unclear. The
requirement of pre- and postsynaptic neurons for achieving high CO, chemosensitivity
provides a potential explanation.

The PEH used in our studies is an effective method for analysis of neuronal network properties.
The method is based on the time relationship of spike trains of two neurons. A large of number
of studies have proven that neuronal synaptic connections can be well determined by the
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method (Kirkwood, 1979; Gerstein 2000; Buzsaki 2004). It was first proposed by Perkel et al.
in 1967 with various generations of PEHSs or cross-correlations developed later for studies of
time domains (Gerstein and Perkel 1972; Gerstein and Aertsen 1985; Palm et al. 1988; Aertsen
et al. 1989) and frequency domains (Perkel 1970; Rosenberg et al. 1989). Using the PEH
analysis, we observed 472 sharp peaks and 6 troughs in 33,622 pairs of units. The positive
connection rate is lower than that among respiratory-modulated units (345 out of 6,471 units,
Li et al. 1999), likely due to the presence of neurons in heterogeneous neuronal networks in
our cell culture. With these units, we analyzed changes in synaptic strength before and during
hypercapnia using the PEH. Synaptic connections were determine using parameters: latency
< 6ms, half-peak width < 10ms, which were chosen based on the fact that cultured neurons do
not have myelination in their axons (Dugandzijanovakovic and Shrager 1995; Kawaguchi and
Fukunishi 1998). Concerning the longest distance in the MEA matrix (2 mm) and the
conduction velocity of a typical unmyelinated axon (~0.4 m/s), the transduction of an action
potential in the distance with a single synaptic delay (0.5 ms) can be as long as 6 ms, suggesting
that most of our pericentral peaks and troughs are monosynaptic. Our results have shown that
the latency of pericentral peaks is significantly reduced during hypercapnia in CO,-stimulated
neurons. The reduction in the peak latency can be produced by several presynaptic mechanisms
such as a quicker release of neurotransmitters, more vesicles dunked to the synaptic cleft with
each action potential and faster conduction velocity in the axon of the presynaptic cell. All the
PEH evidence suggests that synaptic transmission is enhanced during hypercapnia. Supporting
this idea are our results showing the peak-mean ratio of pericentral and central peaks also
increase significantly with high PCO,. The higher peak-mean ratio is likely to be a result of
selective enhancement of synaptic communications between the neuronal pair under the PEH
study over other cells that also synapse with these neurons. The higher peak-mean ratio also
can be produced by 1) more neurotransmitter release following each action potential in
presynaptic neurons, and/or 2) augmentation of postsynaptic receptors by hypercapnia (Chen
et al. 2001; Mao et al. 2002; Wemmie et al. 2002). Clearly, the clarification of these issues
requires direct measurements of synaptic transmission. Nevertheless, our PEH analysis provide
indirect evidence suggesting that synaptic strength of a number of units especially those
stimulated by CO, is enhanced during high PCO,. The enhanced synaptic strength appears to
contribute to the amplification of CO5 signals detected by the CO,-stimulated neurons.

Another interesting finding from our studies is that the CO,-stimulated neurons tend to make
synaptic connections with another CO,-stimulated cells based on the indirect assessments with
PEHSs. We have found that over 60% CO»-stimulated neurons receive mono- or oilgosynaptic
presynaptic input from another CO»-stimulated cells. In contrast, only 10% CO,-unresponsive
units receive such synaptic input. Previous studies have shown that serotonergic neurons in
the midline raphé nuclei (Wang et al. 1998; Severson et al. 2003), glutamatergic neurons in
the retrotrapezoid nucleus (Mulkey et al. 2004; Guyenet et al. 2005a) and catecholaminergic
neurons in locus coeruleus (Pineda and Aghajanian 1997; Oyamada et al. 1998; Filosa and
Putnam 2003) are all CO, chemosensitive. A general characteristic of these CO5-
chemosensitive cells is that they have extensive synaptic connections with respiratory and non-
respiratory neurons in the brainstem. These cells are known to be intrinsically CO,
chemosensitive, as their CO, chemosensitivity is retained after blockade of the synaptic
transmission (Oyamada et al. 1998; Wang et al. 1998; Filosa and Putnam 2003; Severson et
al. 2003; Mulkey et al. 2004). Since certain respiratory neurons postsynaptic to these cells are
also intrinsically CO, chemosensitive (Kawai et al. 1996), our finding of selective connections
among the CO,-stimulated neurons in the cultured neuronal networks supports these previous
studies. Such a preferential connection among CO,-stimulated neurons may underscore the
necessary neuronal networks for the enhancement of CO, chemosensitivity by
neurotransmission.
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Electrical couplings have been previously shown in brainstem neurons from neonatal rats
(Huang et al. 1997; Solomon and Dean 2002; Dean et al. 2002), which is supported by our
current studies in cultured brainstem neurons. There are several connexin proteins including
connexins 26, 32 and 36 expressed in brainstem neurons, they form gap junction between
neurons and coupled electrical and chemical activity between cells (Condorelli et al. 2000;
Solomon et al. 2001; Solomon 2003). In the present study, we have observed a group of central
peaks that are distinct from the common input for two reasons: 1) their coupling efficiency is
extremely high, allowing both cells to fire simultaneously, while such a high coupling
efficiency cannot be achieved with chemical synapses as action potentials are usually generated
with multiple (>100) unitary PSPs (Kirkwood, 1979); 2) these central peaks are highly sensitive
to halothane, a blocker of gap junctions (He and Burt 2000). There are two types of electrical
couplings in our cultured brainstem neurons with one inhibited by and the other unresponsive
to supporting the existence of multiple connexin proteins in the brainstem (Young and
Peracchia 2004). The gap junction channels made of acid-inhibited connexins appear to play
arole, as the inhibition of the electrical couplings may limit the CO, signal to individual cells
leading to diminishing or even blocking the CO, response from coupling to other cells.

We also observed a few cells with inhibitory monosynaptic connections. All the presynaptic
input comes from CO,-stimulated neurons. The inhibitory synaptic interaction is only modestly
affected by hypercapnia with ~15% increase in the half-trough width. Neither the trough/mean
ratio nor trough latency changes with high PCO,. Since the presynaptic neurons are CO5-
stimulated and increase their firing activity with CO, exposure, the lack of effects suggests
that postsynaptic (or receptor) responses to neurotransmitters may be reduced during
hypercapnia. It is also possible that the CO,-stimulated presynaptic neurons are different from
those synapses with other CO»-stimulated postsynaptic neurons, which may release
neurotransmitters disproportional to action potential frequency. This observation, however,
should not exclude the possibility that the inhibitory synaptic connections contribute to CO,
chemosensitivity of brainstem neurons, as the CO»-inhibted neurons were not systematically
investigated in the present study.

Our results suggest that the modulation of neuronal network properties can lead to an
enhancement of the CO, chemosensitivity of brainstem neurons. By quantitative comparison
of the CO, chemosensitivity, we have found that the postsynaptic neurons have significantly
higher CO, sensitivity than presynaptic neurons. Such a difference is at least partially derived
from presynaptic input as it disappears when presynaptic input is blocked (Su et al. 2007).
Also, disruption of synaptic transmission with either non-specific blockade or by blocking
excitatory glutamatergic input causes a general reduction in the CO, chemosensitivity of most
neurons. Such an action is more effective in some neurons that lose their CO, chemosensitivity
completely. Therefore, the presynaptic drives not only can enhance the postsynaptic CO,
chemosensitivity, but also can enable it in some cells. With the modulation of network
properties and synaptic transmission, the CO5 signal detected by individual cells thus can be
shared by other neurons in the networks, and more importantly, the CO, signal can be amplified
when the postsynaptic cells are also capable of detecting CO, with their inherent membrane
properties.

It is noteworthy that these observations were made in dissociated brainstem neurons in culture.
In our previous studies, we have found that firing activity of the brainstem neurons is stabilized
after three weeks of culture which may reflect maturation, and shown evidence for the presence
of serotonergic, glutamatergic and catecholaminergic neurons in the culture (Su and Jiang,
2006; Su et al. 2007). Despite these, the connections between these neurons have not been
demonstrated to resemble those seen in-vivo. Therefore, the results from the present study need
to be validated in other preparations, and the neuronal identities need to be further
characterized. Nevertheless, the cultured neurons in MEASs provide an access to central CO,
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chemosensitivity beyond individual neurons, and allow us to appreciate several novel findings
on the changes neuronal network properties with hypercapnia.

In conclusion, the network properties of cultured brainstem neurons have been studied in the
MEA system. Our results from these studies suggest that the network properties appear to be
targeted by hypercapnic modulation. It is likely that the hypercapnic modulation of both
network and inherent membrane properties leads to enhancement of synaptic strength and
amplification of CO, signals detected by brainstem neurons.
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Fig. 1.

CO, chemosensitivity of single unit recorded in the MEA. A;. A single unit was recorded from
one channel of an MEA dish (upper). The unit was stimulated reversibly with an exposure to
10% CO, (middle), and its firing activity returned to the baseline level after washout (lower).
A,. The digitized action potentials show a duration >1ms. Note that the longer negative wave
was not shown. A3. The PCA shows that all spikes detected are clustered in the X-Y axis
system, where the X axis is PC2 (i.e., the waveform projection onto the first principal
component) and Y axis is PC1 (i.e., the waveform projection onto the 2nd principal
component). A4. The interspike histogram indicates single-unit recording because of the lack
of action potentials in the initial 20ms. B1. Thirteen units were recorded in another MEA dish.
The firing rate (FR) of these units was modulated by CO, in a concentration-dependent manner.
A linear response in the FR was seen in PCO, 20 — 80 torr. Note that each symbol indicates a
unit, and the average of all units is shown as large circles and thicker line (means = S.D.). The
FR response can be described with a linear equation as shown with the straight line, and the
slope value or the C value is 0.011. B,. The response was reproducible as seen with repetitive
exposure in a 24-hr interval with the C value 0.011.
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CO;-unresponsive Units

m

COs-inhibited Units

The peri-central peak. A. A peri-event histogram (PEH) was built between two CO,-stimulated
units. In the raster display (upper), action potentials of the target unit show a higher occurrence
about 2 ms after spiking of the reference unit at baseline PCO,, (38 torr). Average of the spikes
of the target unit shows a clear pericentral peak in the PEH (lower). The peak is significantly
greater than the 99.9% confidence level (arrow). B. During hypercapnic exposure (PCO, 70
torr), the peak increased markedly, while the background counts also rose to a less degree. In
CO,-stimulated units, the average peak-mean ratio was significantly higher during hypercapnia
than in baseline (C), the peak latency was reduced (D), and the peak width did not show
significant changes (E). Similar analysis was done in CO5-unresponsive units, but none of the
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peak-mean ratio (F), peak latency (G), and peak width (H) changed significantly. I-K, In

CO, inhibited units, only the peak-mean ration increased significantly. *, P<0.05, **; P<0.01;
*** P<0.001. Data are represented as mean £ S.D.
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Fig. 3.

The central peak. A, B. Peri-event histograms showed that the amplitude of the central peak
between two CO,-stimulated units was higher during hypercapnia. C, D. Significant increases
of the peak-mean ratio and peak width were observed in CO,-stimulated units. Hypercapnia
did not alter these values in CO,-unresponsive (E, F) and CO,-inhibited units (G, H). *,
P<0.05; **, P<0.01. Data are represented as mean + S.D.
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Fig. 4.

Suppression of electrical coupling during hypercapnia. A. A sharp central peak was seen in a
pair of CO,-stimulated units. The spike trains of these units occurred almost always
simultaneously with the background counts barely seen in regular scale (A1). Seen in log scale
(A2), the background counts were not symmetric (coupling efficiency = 0.99). By, B,. The
coupling between these units was greatly diminished during high CO, exposure (coupling
efficiency = 0.10). C, D. The spike morphology and interspike histograms show single unit
recordings with action potential duration > 1ms (C, D1) for both units. E, F. Statistical analysis
show that the electrical coupling is suppressed in CO,-stimulated units (P=0.006, n=4) but not
in CO5-unresponsive units (P=0.21, n=12). Data are represented as mean = S.D.
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Fig. 5.

Plot of central peak and electrical coupling using coupling efficiency vs. peak-mean ratio. The
pericentral peak and central peak go into one cluster whereas electrical coupling forms another
clear cluster.
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Sensitivity of the electrical coupling to halothane. A. Electrical coupling was seen in a pair of
CO,-stimulated units (coupling efficiency = 0.91). The electrical coupling was strongly and
reversibly inhibited with hypercapnia (coupling efficiency = 0.17). B. The electrical coupling
was also strongly inhibited by 2mM halothane (coupling efficiency = 0.18). In the presence of
halothane, hypercapnia failed to inhibit the electrical coupling (coupling efficiency = 0.21).
C, D. Action potential morphology and interspike internal analyses indicate that these units
are single and recorded from soma.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2009 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

>

Page 21

801 PCO; 38 Torr 801 PCOz 70 Torr
c
& 60 60
@ 40 G TE ) 401 o1 o e [ VER
< Al w Pvl':'-"'“;!?-|'! E '['"]' AN et g Yl ) WIEY (1
g 20 i | | ; J U Fiw Tl ||"l 20 L |: ! § |
o ’ - 2
0 0 —
-40 -20 0 20 40 -40 -20 0
Time (ms) Time (ms)
C [ ] 38torr D E
® - m
4 “' ’g T E
c o W oo
@ 5
S 0251 3 25| §15 1
- 2 =
S ks S
5 E
F 0,00 00 " 00

Fig. 7.

Hypercapnic effects on pericentral troughs. A. A narrow pericentral trough was seen in the
PEH with the reference unit CO,-stimulated and target unit CO»-inhibited. B. Hypercapnia

had very little effect on the pericentral trough. C, D. Statistical analysis indicates that none of

the trough/mean ratio and trough latency is affected by hypercapnia. E. The trough width at
half magnitude is enhanced at PCO, 70 torr (P<0.05, n=5). Data are represented as mean *

S.D.
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Fig. 8.

Connection preference of cultured brainstem neurons. A. Concerning reference units, 87%
COy-stimulated units projected to another CO,-stimulated units (A4), while only 29% CO»-
unresponsive units projected to CO,-stimulated units (A). B. With respect to target units, 64%
CO,-stimulated units received synaptic input from another CO,-stimulated units (B1). Only
10% CO,-unresponsive received such synaptic input (B,). C. For the reference units, 54%
CO»-inhibited neurons projected to another CO,-inhibited units (C4), whereas only 26%
COs-unresponsive units projected to the CO,-inhibited units (C,). D. From the target units,
65% CO»-inhibited neuron received synaptic input from another CO,-inhibited units (D4), but
only 46% CO,-unresponsive units received synaptic inputs from another CO5-inhibited units

(D2).
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Fig. 9.

Enhancement of CO5 sensitivity by synapse transmission. A. With intact synaptic transmission,
the post-synaptic neurons had a C value significantly higher than the presynaptic units
(P=9.0E-06, n=61). B. Such a difference was abolished by a blockade of excitatory synaptic
transmission with 10uM CNQX (P=0.45, n=13). C. In the presence of 10uM CNQX, some
units lost the CO, chemosensitivity almost completely (P=7.0E-05, n=20). D. Similar effect
was seen with a non-specific blockade of synaptic transmission using low Ca2* (<1 uM) and
high concentrations of Mg2* (2 mM) (P=3.3E-06, n=13). E. Both reference and target units
showed identical CO, sensitivity when they were grouped randomly (P=0.45, n=4). F.
However, one of the units in each pair showed much higher CO, sensitivity than the other
when they were pooled together (P=0.0004, n=4). Data are represented as mean + S.D.
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