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The Role of the Hyperpolarization-Activated Current in Modulating
Rhythmic Activity in the Isolated Respiratory Network of Mice
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We examined the role of the hyperpolarization-activated current
(/) in the generation of the respiratory rhythm using a sponta-
neously active brainstem slice of mice. This preparation con-
tains the hypoglossus (Xll) nucleus, which is activated in-phase
with inspiration and the pre-Bétzinger complex (PBC), the pre-
sumed site for respiratory rhythm generation. Voltage-clamp
recordings (n = 90) indicate that cesium (Cs) (56 mwm) blocked
77.2% of the I, current, and ZD 7288 (100 wm) blocked 85.8%
of the /,, current. This blockade increased the respiratory fre-
quency by 161% in Cs and by 150% in ZD 7288 and increased
the amplitude of integrated population activity in the XIl by 97%
in Cs and by 162% in ZD 7288, but not in the PBC (Cs, by 19%;
ZD 7288, by —4.56%). All inspiratory PBC neurons (n = 44)
recorded in current clamp within the active network revealed a
significantly decreased frequency of action potentials during
the interburst interval and an earlier onset of inspiratory bursts

after /,, current blockade. However, hyperpolarizing current
pulses evoked only in a small proportion of inspiratory neurons
(0% of type I; 29% of type Il neurons) a depolarizing sag. Most
of the neurons expressing an /,, current (86%) were pacemaker
neurons, which continued to generate rhythmic bursts after
inactivating the respiratory network pharmacologically with
CNQX alone or with CNQX, AP-5, strychnine, bicuculline, and
carbenoxolone. Cs and ZD 7288 increased the frequency of
pacemaker bursts and decreased the frequency of action po-
tentials between pacemaker bursts. Our findings suggest that
the I, current plays an important role in modulating respiratory
frequency, which is presumably mediated by pacemaker
neurons.
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Great progress has been made in understanding the voltage-
dependent ion channels that are critical for generating rhythmic
activity. One membrane conductance that plays a key role in
rhythm generation is the hyperpolarization-activated inward cur-
rent (I, current). Activated during a phasic hyperpolarization,
this mixed cation current induces a slow membrane depolariza-
tion (Pape, 1996). This property may therefore not only terminate
a phasic hyperpolarization but also initiate a depolarization,
which in turn activates other voltage-dependent currents. This
sequence of events results in the termination of one and initiation
of another cycle. Consequently, in many neural networks, block-
ing the I, current with cesium (Cs) (DiFrancesco et al., 1986) or
7D 7288 (Gasparini and DiFrancesco, 1997; Liithi et al., 1998)
causes a disturbance of phase-switching mechanisms, which leads
to a decrease in the frequency of rhythmic activity. The role of
the I,, current has been described in several neural networks in
vertebrates and invertebrates (Angstadt and Calabrese, 1989;
McCormick and Pape, 1990; Golowasch and Marder, 1992; Liithi
and McCormick, 1998). Although this current is present in cer-
tain respiratory neurons (Berger et al., 1995; Rekling et al., 1996),
its role in respiratory rhythm generation has not been
investigated.

The respiratory rhythm is generated within the lower brain-
stem. A particularly important region is the pre-Botzinger com-
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plex (PBC) (Smith et al., 1991; Schwarzacher et al., 1995). Le-
sioning the PBC in vivo abolishes breathing (Koshiya and
Guyenet, 1998; Ramirez et al., 1998). Isolating the PBC in a slice
preparation preserves rhythmic activity (Smith et al., 1991; Funk
et al., 1994; Ramirez et al., 1996), which can be recorded either
from the PBC or from the hypoglossal (XII) motor nucleus. The
respiratory rhythm is characterized by three phases: inspiration,
postinspiration, and active expiration (Richter, 1983). The gen-
eration of this three-phase rhythm depends on synaptic connec-
tivity and membrane properties (Johnson et al., 1994; Smith et al.,
1995; Ramirez et al., 1997). After the blockade of synaptic inhi-
bition, rhythmic activity persists under in vitro conditions. Inspira-
tory neurons depolarize more rapidly but remain rhythmically
active, whereas expiratory neurons become either tonic or dis-
charge rhythmically in-phase with inspiration (Ramirez et al.,
1997). Therefore, research efforts have focused on the neural
mechanisms that lead to the generation of inspiratory activity.
Inspiratory activity may be derived from pacemaker neurons
(Johnson et al., 1994; Koshiya and Smith, 1999). According to a
model proposed by Smith et al. (1995), rhythmic activity in
individual pacemaker neurons is synchronized via glutamatergic
mechanisms to form the inspiratory burst (Rekling and Feldman,
1998). Synaptic inhibition transforms this pacemaker-driven in-
spiratory activity into the three-phase respiratory rhythm.
However, the separation of a pacemaker-driven inspiratory
rhythm and a synaptically driven transformation into the three-
phase rhythm is artificial. Under control conditions, synaptic
processes will affect pacemaker properties and vice versa. Thus,
an inspiratory burst will be terminated by both intrinsic mem-
brane properties and synaptic inhibition. Inhibitory mechanisms
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may also influence the formation of the inspiratory burst. In a
model published by Ramirez and Richter (1996), synaptic inhibi-
tion activates the I, current, which contributes to the next inspira-
tory burst. However, the role of the 7, current in this model was
hypothetical and without experimental evidence. Therefore, we
examined the possible contribution of the I, current in generating
inspiratory activity. Three types of inspiratory neurons have been
identified previously (Rekling et al., 1996). One neuron type
(type 3) is silent during the interburst interval. These neurons are
presumably ambiguus motoneurons (Rekling et al., 1996) and will
not be considered here. The two other types of inspiratory
neurons (types 1 and 2) discharge before the inspiratory XII
burst and will be considered in our study.

In this study, we evaluated the effect of blocking the 7, current
on the electrical activity of type 1 and type 2 inspiratory neurons
and on the population activity recorded from the PBC and XII.
Contrary to our expectation, the blockade of the I, current did
not cause a decrease, but an increase in the respiratory frequency.

Parts of this paper have been published previously in abstract
form (Thoby-Brisson et al., 1998, 1999).

MATERIALS AND METHODS

Preparation. Experiments were performed on male and female mice (7-
to 22-d-old) that were deeply anesthetized with ether and decapitated at
the C3-C4 level. The procedure to obtain functional brainstem slices has
been described previously (Ramirez et al., 1996) and will be only briefly
summarized here. The brainstem was isolated in an ice-cold artificial
CSF (a-CSF) bubbled with carbogen (95% oxygen and 5% CO,). a-CSF
contained (in mm): 128 NaCl, 3 KCl, 1.5 CaCl,, 1 MgSO,, 24 NaHCO,
0.5 NaH,PO,, and 30 Dp-glucose and was equilibrated with carbogen at
29°C, pH 7.4. The brainstem was then glued onto an agar block with its
rostral end up and mounted into a vibratome with the rostral end tilted
at an ~20° angle to the plane of the razor blade. Thin slices were serially
sectioned from rostral to caudal until the rostral boundary of the PBC
became visible. This area was recognized by specific landmarks, such as
the inferior olive, the nucleus ambiguus, and the XII nucleus (Fig. 14).
Slices that contained the PBC (500- to 600-um-thick) were immediately
transferred into a recording chamber and maintained at a temperature of
29°C. After the dissection, the preparation was stabilized for 30 min in
a-CSF continuously perfused at a rate of 10 ml/min. The potassium
concentration was raised from 3 to 8 mm over another 30 min to obtain
spontaneous rhythmic activity, which was stable for up to 12 hr.

Recordings. Extracellular recordings were obtained with suction elec-
trodes positioned either on the PBC or on the XII nucleus. The signal
collected was amplified 2000 times and filtered (low-pass 1.5 kHz, high-
pass 250 Hz). The signals were also rectified and integrated using an
electronic filter (time constant of 30-50 msec). Intracellular patch-clamp
recordings were obtained from both PBC neurons and hypoglossal neu-
rons. These neurons were identified according to their anatomical loca-
tion (Fig. 14) and with respect to their discharge characteristics in
relation to the population respiratory activity (Fig. 1B). We used two
different techniques: the blind patch and the patch-clamp technique
under visual control. The recordings were obtained using patch elec-
trodes manufactured from borosilicate glass tubes containing a filament
(Clarke GCI50TF or GCI20TF). Blind patch electrodes used for
current-clamp recordings were filled with a solution containing (in mm):
140 K-gluconic acid, 1 CaCl,*6H,0, 10 EGTA, 2 MgCL,*6H,0, 4
Na,ATP, and 10 HEPES. The K-gluconic acid containing electrode
solution resulted in a significant liquid junctional potential (LJP) (>12
mV), which affected the measured membrane potentials. All membrane
potential measurements were therefore compensated for this LJP as
described by Neher (1992). Patch electrodes used for voltage-clamp
recordings were filled with a solution containing (in mm): 140 KCI, 1
CaCl,*6H,0, 10 EGTA, 2 MgCl,*6H,0, 4 Na,ATP, and 10 HEPES.
This internal pipette solution resulted in small LJP (<3 mV), which was
not corrected in this study. Neurons were held at a potential of either
—40 or —60 mV. The I,, current was isolated by applying 2-sec-long step
potentials from —40 to —140 mV. In some cases (as indicated in the
figures), the currents were off-line leak subtracted by determining the
leak with a single voltage step from —40 to —50 mV.

All recordings were stored with a personal computer on Axotape
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Figure 1. Experimental model and extracellular recording techniques.
A, Scheme of a brainstem slice preparation obtained from mice. This slice
contains the PBC, the XII nucleus, the inferior olive (10), the nucleus
ambiguus (NA), the nucleus tractus solitarius (NTS), and the spinal
trigeminal nucleus (Sp5). B, Extracellular population recordings of respi-
ratory activity from the XII (top two traces: X1I, extracellular recording;
XII int, integrated trace) and the PBC (bottom two traces: PBC, extracel-
lular recording; PBC int, integrated trace).

(Version 2.0) or pClamp6 (Axon Instruments, Foster City, CA). The
stored files were analyzed off-line. Only recordings with good signal-to-
noise ratios were quantitatively evaluated using software programs that
were written with the commercially available program Igor Pro.

Drugs were bath-applied at the final concentration of 2.5-5 mm cesium
(Sigma, St. Louis, MO), 100 um ZD 7288 (Tocris Cookson, Ballwin,
MO), 3 mMm barium (Sigma), 20 uM 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (Tocris Cookson), 50 uM DL-2-amino-5-phosphonovaleric acid
(AP-5) (Sigma), 5 puMm strychnine (Sigma), 20 um bicuculline (Sigma),
and 50 uM carbenoxolone (CBX) (Sigma). None of these solutions
caused a change in the LJP.

Statistical values are given as mean = SEM value. Significance was
assessed with the Student’s ¢ test, and values were assumed to be signif-
icant at p < 0.05.

RESULTS

Blockade of the I}, current with cesium and ZD 7288

The initial set of experiments was primarily performed to assess
whether cesium and ZD 7288 are suitable agents to block the I,
current. Therefore, no attempt was made to functionally identify
the PBC neurons under voltage-clamp conditions. This set of
experiments is based on voltage-clamp recordings from 90 neu-
rons identified according to the anatomical location of their soma.
Thirty-eight percent of the neurons in the PBC (n = 24) and 73%
of the neurons in the XII nucleus (n = 66) expressed a measur-
able I, component (>50 pA at a voltage step of —100 mV). The
I,, current was evoked by applying a series of hyperpolarizing
voltage pulses incrementing in 10 mV steps from different holding
potentials (either —40 or —60 mV) to —140 mV (Fig. 2A4).
However, this experimental protocol activated not only the I,
current but also instantaneous current. Thus, to isolate the I
current, we subtracted the current amplitude measured at the end
of a voltage step (steady-state current containing the I, and the
instantaneous current) from the current amplitude measured at
the beginning of a pulse (containing only the instantaneous cur-
rent). The amplitude of the isolated 7, current in XII neurons
(n = 5; V4, —40 mV) (Fig. 2B, filled squares) was not significantly
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Figure 2. Characterization of the /;, current in PBC and XII neurons. 4,
Under voltage-clamp conditions, the I;, current slowly activates in re-
sponse to hyperpolarizing voltage steps lasting for 2 sec. B, From a
holding potential of —40 mV, the isolated I, current shows similar
amplitude values in XII (n = 4) and PBC (n = 6) neurons and begins to
activate at —50 mV. C, D, The reversal potential can be extrapolated from
the instantaneous currents of several voltage steps from the holding
potential of —40 mV (no activation of I, ; filled circles in D) and from a
holding potential of —100 mV (fully activated I,,; open circles in D,
protocol and evoked currents at C).

different from the PBC neurons (n = 6; V},, —40 mV) (Fig. 2B,
filled triangles). The I, current became first measurable at —50
mV. However, at this potential, the current was very small in both
XII (26 = 4 pA;n =5;V,, —40 mV) and PBC (10 = 3 pA; n =
4; V,,, —40 mV) neurons. The reversal potential of the [, current
for XII and PBC neurons was between —20.3 and —41.4 mV (n =
4). This value was assessed by using the extrapolation method
(Mayer and Westbrook, 1983; Takahashi, 1990; Bayliss et al.,
1994). We plotted the instantaneous current elicited from a hold-
ing potential at which the I, current was not activated (V;,, —40
mV) (Fig. 2D, filled circles) and the instantaneous current at a
holding potential when the I, current was fully activated (—100
mV) (Fig. 2C,D, open circles). The I-V plots of these instanta-
neous current (Fig. 2D) were fitted with linear regressions. In
these plots, the increased conductance at —100 mV corresponded
to the chord conductance of the I, current, and the extrapolated
intersection of the two regression lines corresponded to the
reversal potential that was at —41.4 mV (Fig. 2D).

To evaluate the role of the /,, current in respiratory rhythm
generation, it was essential to selectively block this current.
Therefore, we compared the differential effect of cesium, barium,
and ZD 7288 on the I;, current and on the instantaneous current
(Fig. 3). The instantaneous current was presumably caused by two
currents: an inward rectifier current and a leak current. A differ-
ential effect on these two instantaneous currents is shown on
Figure 3. The top panel (Fig. 34) shows the hyperpolarization
activated currents, including the leak current; the bottom panel
(Fig. 3B) shows the currents after the subtraction of the leak
current (off-line leak subtraction). The instantaneous current was
reduced by cesium and barium (Fig. 34;,4,). In contrast, ZD
7288 had no effect on the instantaneous current as shown for an
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example with a rather large instantaneous current (Fig. 345). The
instantaneous current, which was evoked even after leak subtrac-
tion, was presumably caused by the inward rectifier current (Fig.
3B). This remaining instantaneous current was blocked by cesium
(Fig. 3B,) and by barium (Fig. 3B,). This barium sensitivity is
further indicative for the inward rectifier current. In contrast to
barium and cesium, ZD 7288 blocked only the I, current but
did not affect the leak current (Fig. 34;) or the inward rectifier
(Fig. 3B;).

Because bath application of both cesium and ZD 7288 led to a
reduction of the I, current (Fig. 34,,B,,45,B;), we further char-
acterized their efficacy to block this current. The I;, current
amplitude was diminished by cesium (Fig. 44, open symbols) and
7.D 7288 (Fig. 4B, open symbols) at all membrane potentials more
negative than —60 mV. ZD 7288 (100 um) blocked 85.8 £ 6.12%
(i.e., 14% of control current amplitude left) of the [, current
evoked by voltage steps from —60 to —120 mV (n = 5) (Fig. 4C,
black bar). Bath application of cesium (2.5-5 mm) blocked under
the same experimental conditions the /,, current by 77.28 * 6.05%
(i.e., 22.7% of control current amplitude left; at 2.5 mm Cs, to
24.02 = 13.07%; n = 3; at 5mm Cs, to 21.74 *= 6.48%; n = 4) (Fig.
4C, gray bar).

It is well established that cesium inhibits at higher concentra-
tions not only the /,, current but also potassium outward currents.
Thus, it was important to assess the possible inhibitory effect of 5
mM cesium on potassium outward currents. PBC neurons were
voltage clamped at a holding potential of —70 mV, and hyperpo-
larizing and depolarizing potentials were applied in 10 mV steps
from —80 to +40 mV (Fig. 4D) in the presence or absence of
cesium. As illustrated in the original traces of Figure 4D, the
inhibitory effect of cesium on these currents was very weak
(compare right and left panels). The I-V curve in Figure 4E,
obtained by measuring the potassium current amplitude at the
end of the pulse (steady state, n = 4), shows that the blockade of
potassium currents with 5 mm cesium was weak and only signifi-
cant at a very positive voltage (+40 mV) (Fig. 4E).

Effect of I, current blockade on the respiratory
network activity

The effect of blocking the I, current on respiratory network
activity was assessed by recording simultaneously population ac-
tivity from the presumed respiratory rhythm generator (PBC)
and its motor output in the XII nucleus (Fig. 5). For this purpose,
extracellular electrodes were positioned onto the surface of the
PBC and/or the XII nucleus. In 27 preparations, bath application
of cesium had two major effects on the extracellularly recorded
and integrated population activity (Fig. 54): (1) there was an
increase in respiratory frequency, and (2) there was an increase in
the amplitude of the integrated population activity in the hypo-
glossal nucleus but not in the PBC.

These changes were quantitatively analyzed for 15 recordings
from the PBC and 14 recordings from the XII nucleus (Fig. 54,
graph). In all examined preparations, respiratory burst activity
occurred synchronously in the PBC and XII nucleus, indicating
that rhythmic activity within the XII was dominated by inspira-
tory activity. Consequently, the frequencies measured in different
slices independently in the XII and PBC were not statistically
different and were thus combined. After the blockade of the I,
current with 5 mm cesium, the frequency was significantly in-
creased by 160.8 * 16.29% (n = 27). This effect caused a more
than twofold increase in the average respiratory frequency from
0.22 Hz under control conditions to 0.48 Hz in the presence of
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Figure 3. Hyperpolarization-activated currents are differentially blocked by cesium (), barium (2), and ZD 7288 (3). A and B show currents evoked
by hyperpolarizing voltage steps applied from a holding potential of —60 mV (except for 4; and B;: Vi, —40 mV). A shows currents before leak
subtraction. B shows currents after off-line leak subtraction. Top traces, Currents evoked under control conditions. Bottom traces, Current responses of
the same neurons to the same protocols in the presence of 2.5 mM cesium chloride (A4), 3 mm barium (B), and 100 uM ZD 7288. Note that cesium blocked
the slow activating /;, and instantaneous currents, barium reduced only the instantaneous current, and ZD 7288 blocked only the slow activating I,

current.

cesium. The integrated burst amplitude increased significantly in
the XII nucleus (96.6 = 22.2%; n = 14) but not in the PBC
(18.7 = 3.96%; n = 15).

The alterations of respiratory activity induced by perfusion of
100 um ZD 7288 (Fig. 5B) were similar to those described for
cesium. Qualitatively, the blockade of the I, current with ZD
7288 induced also (1) an increase in respiratory frequency and (2)
a significant increase in the XII amplitude. Quantitatively (Fig.
5B, graph), the respiratory frequency increased on average by
150 = 30% (n = 19), and the amplitude in the hypoglossal activity
increased by 162 = 9.72% (n = 5). The amplitude was not
significantly affected in the PBC (—4.56 * 6.23%; n = 15). The
effects obtained in the presence of ZD 7288 were not significantly
different from those obtained in the presence of cesium.

Are the effects of the /;, current blockade dependent
on the excitability of the respiratory network?

Using model cells, it has been shown that the effects of the I,
current on the frequency depend on the excitability state of the
rhythm generating network (Sharp et al., 1996). This has also
been demonstrated for real neurons in the inferior olive network
(Bal and McCormick, 1997). In the slices examined in our study,
the spontaneous frequency of the respiratory rhythm varied un-

der control conditions from 0.07 to 0.35 Hz. This variability in the
excitability state of the network might affect the modulatory effect
of the /,, current. Therefore, we examined whether the effect of 7,
current blockade with cesium was dependent on the initial fre-
quency of the respiratory rhythm. In Figure 6A4 ( filled squares),
the respiratory frequency was plotted in the presence of cesium
versus the initial frequency recorded under control conditions.
These measurements revealed that blockade of the I, current
induced an increase in the respiratory frequency at all examined
frequencies. However, the effect of cesium was more pronounced
at lower initial frequencies. For frequencies below 0.1 Hz, the
blockade of the I, current induced on average a change of 178%),
whereas for higher frequencies (greater than 0.15 Hz), the
changes were on average no more than 100%.

As described in Materials and Methods, the network excitabil-
ity was routinely increased by raising the concentration of K™
from 3 to 8 mm. In this set of experiments (Fig. 6B), the excit-
ability of the network was decreased by lowering the concentra-
tion of extracellular K™ from 8 to 3 mMm. Under these conditions,
transverse slices expressed no rhythmic activity (Fig. 6B, left part
of the recording). In eight of nine preparations, bath application
of cesium induced rhythmic activity (Fig. 6B, right part of the
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Figure 4. Cesium (A) and ZD 7288 (B) are potent blockers of the I, current amplitude. 4, B, Amplitude of the I, current is plotted against the
membrane potential under control conditions ( filled squares) and after bath application of cesium (A4, open circles) or ZD 7288 (B, open circles). All
voltage steps were applied from a holding potential of —60 mV. C, Histogram showing the percentage of the I, current that remained unblocked during
bath application of cesium (middle gray bar) or ZD 7288 (black bar). The values were determined from voltage steps from a holding potential of —40
mV to a potential of —120 mV. The numbers of slices used for these experiments are indicated on each bar. The control bar summarizes all experiments
for cesium and ZD 7288. D, E, Effect of 5 mM cesium on potassium outward currents recorded in respiratory neurons. D, Hyperpolarizing and
depolarizing potentials were applied in 10 mV steps from —80 to +40 mV in control conditions (left) and under cesium (right). The holding potential
was —70 mV. E, The I-V curve is based on four recordings from respiratory neurons using the same protocol as described in D. The potassium current
amplitude was obtained at the end of the pulse (steady state) and normalized to the maximal amplitude under control conditions (100%).

recording), which remained stable as long as the cesium was
present in the bath. Similar results were obtained for four of five
preparations treated with ZD 7288. These results further indi-
cated that the I, current had an inhibitory action on the respiratory
network activity, which contributes in these in vitro preparations to
the cessation of rhythmic activity in the presence of 3 mm K™.

In two preparations, we enhanced the network excitability by
raising the concentration of K™ from 8 to 10 mm. Under these
conditions the “control” respiratory frequency of more than 0.5
Hz was further enhanced in the presence of cesium. The average
frequency of these experiments was added as open circles in
Figure 6A4.

Effect of I, current blockade on the electrical activity
of type 1 inspiratory neurons

Three types of inspiratory neurons were characterized by Rek-
ling et al. (1996). Two of these neurons (types 1 and 2) discharge
before the inspiratory XII burst and may therefore contribute to
the initiation of inspiration (Rekling et al., 1996). As shown in
Figure 7, A and B (top traces), type 1 neurons generated several
brief bursts of action potentials that preceded the generation of
an inspiratory burst. These neurons exhibited no tonic activity
during the interburst interval. To examine whether type 1 neu-
rons possess an I, current, it was necessary to identify the depo-
larization pattern in the active network and then abolish respi-
ratory network activity by blocking glutamatergic synaptic
transmission with CNQX (20 um). In the absence of synaptic

membrane fluctuations, hyperpolarizing current pulses injected
into five type 1 neurons evoked no depolarizing sags (Fig. 7C),
confirming the conclusions of Rekling et al. (1996), that type 1
neurons exhibit no 7, current.

However, in the active network, the discharge pattern of type
1 neurons was altered by blocking the 7, current. Application of
cesium (Fig. 74, bottom traces) or ZD 7288 (Fig. 7B, bottom
traces) increased the respiratory frequency and decreased the
occurrence of brief bursts generated between two inspiratory
bursts. The interburst frequency of action potentials was reduced
from 3.05 = 0.72 Hz under control conditions to 0.54 + 0.35 Hz
after the I, current blockade (n = 4) (Fig. 7D, interburst frequen-
cy). These average values were obtained by evaluating in each
preparation the number of action potentials generated during 15
consecutive interburst intervals. The number of action potentials
was divided by the duration of the interburst interval to obtain the
average action potential frequency. Neither the burst duration
(0.94 = 0.19 sec in control conditions and 0.98 = 0.11 sec under
cesium; n = 5) (Fig. 7D) nor the intraburst frequency (29.69 = 7.7
Hz in control conditions and 29.97 = 5.96 Hz under cesium; n =
4) (Fig. 7D) was significantly affected by the blockade of the I,
current. The membrane potential of these neurons was also not
significantly altered by the application of I, blockers (from
—63.25 = 1.03 mV under control to —62.5 = 1.75 mV after
blockade of the [, current; n = 5). Because type 1 neurons
exhibited no 7, current (Fig. 7C), we assume that the alterations
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Figure 5. Changes induced in respiratory activity after the blockade of the /;, current with cesium (4) and ZD 7288 (B). 4, Integrated recordings of
respiratory activity obtained simultaneously from the XII nucleus (fop trace) and the PBC (bottom trace) under control conditions (left) and in the
presence of 5 mM cesium (right). Bar histograms representing the cesium-induced change (percentage) in the frequency (black bar) and the amplitude
of integrated respiratory activity recorded in the PBC ( gray bar) and the XII nucleus (white bar). B, Same as described in A, except that I, was blocked
by 100 um ZD 7288 instead of 5 mm cesium. The numbers of slices used for these experiments are indicated on each bar.

in the discharge pattern were synaptically mediated and not
attributable to a direct effect of Cs or ZD 7288 on type 1 neurons.

Effect of I, current blockade on the electrical activity
of type 2 inspiratory neurons

In contrast to type 1 neurons, type 2 neurons exhibit under
control conditions tonic activity during the interburst interval and
no brief bursts of action potentials (Rekling et al., 1996) (Figs.
8A,B, top traces, 9A, B, top traces). To examine the presence of the
I, current in type 2 neurons, we identified 31 type 2 neurons in
the active network before eliminating network activity with
CNQX (20 pum). Twenty-two type 2 neurons exhibited no depo-
larizing sag (Fig. 84) in response to hyperpolarizing current
injections. However, in nine type 2 neurons, a slow depolarization
developed in response to negative current injections, which is
indicative of the presence of an I, current (Fig. 8B).

In the active network, application of cesium (Fig. 94, bottom
traces) or ZD 7288 (Fig. 9B, bottom traces) altered the discharge
pattern of all type 2 neurons, irrespective of the presence or
absence of an [, current. The respiratory frequency increased in
response to both blockers, and the frequency of action potentials
generated between two inspiratory bursts decreased from 3.50 *
0.72 Hz under control conditions to 0.10 = 0.08 Hz after the I,
current blockade (n = 8) (Fig. 9C, interburst frequency). These
average values were obtained as described above for type 1
neurons. Blockade of the I, current affected only the interburst
interval. There was no significant change in the intraburst fre-
quency (26.39 * 4.15 Hz under control conditions and 27.01 =
3.18 Hz after the I, current blockade; n = 8) (Fig. 9C) and no

change in the inspiratory burst duration (0.89 = 0.11 sec under
control conditions and 1.07 = 0.11 sec after the I, current block-
ade; n = 8) (Fig. 9C). Blockade of the I, current did not alter
significantly the membrane potential of type 2 neurons (from
—62.5 £ 2.83 mV under control to —61.67 = 2.14 mV in the
presence of I, blockers; n = 8).

The I, current is more often expressed in type 2
pacemaker neurons compared with type 2
follower neurons
As demonstrated by Koshiya and Smith (1999), a population of
neurons maintains rhythmic activity after the elimination of re-
spiratory network activity with CNQX. These neurons are con-
sidered to be pacemaker neurons (Koshiya and Smith, 1999). To
examine whether the presence of the 7, current in type 2 neurons
was linked to such pacemaker properties, we identified 25 type 2
neurons in the active network and then recorded their activity
after the blockade of respiratory network activity in the presence
of CNQX (20 um). Most neurons (n = 18) became tonically
active after the elimination of respiratory network activity (Fig.
10A4,) and are therefore considered to be follower neurons. Only
36% of these neurons expressed an I, current (3 of 18 recorded
type 2 follower neurons) (Fig. 10C). Seventeen of these follower
neurons (Fig. 104;) remained tonically active in the presence of
either cesium or ZD 7288. However, in 1 of the 18 neurons,
cesium application induced rhythmic bursting. This follower neu-
ron exhibited an /;, current. However, because this phenomenon
was only observed once, its significance cannot be assessed.
Seven of 25 type 2 neurons remained rhythmically active after
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Figure 6. Cesium-induced effects at different excitability states of the
respiratory network. A, Graph indicating the respiratory frequency after
blockade of the ;, current with cesium (ordinate) versus the respiratory
frequency before the I, current blockade obtained in an a-CSF containing
8 mm K™ (filled circles) or 10 mm K™ (open circles) (abscissa). Numbers
indicate the number of experiments performed at each frequency. B,
Effect of cesium on the respiratory network, which was inactive in the
presence of an a-CSF containing 3 mm K™ (left part of the recording).
Rhythmic activity appeared at a concentration of 3 mm K™ after the

blockade of the I, current with cesium (right part of the recording). The
gray box corresponds to the time of cesium exposure.

blockade of glutamatergic connections and are therefore consid-
ered to be pacemaker neurons (Fig. 10B,). The discharge pattern
of these neurons was not qualitatively altered in the presence of
CNQX (Fig. 10, compare B, and B,; see also B, black bar).
Despite the absence of rhythmic population activity (Fig. 108,
extracellular trace), these neurons generated rhythmic bursts and
were tonically active during the interburst interval (Fig. 10B,,B,).
Hyperpolarizing current injections as described above revealed
that the majority of the pacemaker neurons (86%; six of seven
recorded type 2 pacemaker neurons) expressed an [, current (Fig.
10C). This suggests that the I, current may play an important role
in the generation of respiratory pacemaker activity.

Application of cesium or ZD 7288 increased the bursting
frequency in all examined pacemaker neurons except for the one
neuron, which exhibited no /,, current (the average increase for all
neurons was 188%) (compare Fig. 10B; with 10B,, white bar in
the graph). The frequency of action potentials generated during
the interburst interval decreased from 8.19 * 0.67 Hz under
control conditions to 0.00 Hz (no action potential) after the
blockade of the I,, current. These alterations resemble those

Thoby-Brisson et al. « The Role of the /,, Current in Respiratory Rhythm Generation

observed in the intact network. Similar to the observations in the
intact network, the membrane potential value of pacemaker neu-
rons was also not altered after the application of cesium or ZD
7288 (from —62.33 = 3.16 mV under control to —62.5 = 3.78 mV
in the presence of I, blockers; n = 7).

The absence of a significant alteration in the membrane poten-
tial after the I, current blockade was unexpected and raised the
question whether these pacemaker neurons were sufficiently iso-
lated from the network to exclude possible network effects. We
tested a group of five pacemaker neurons by synaptically isolating
these neurons not only with CNQX (20 um) but also by applying
AP-5 (50 um) to block NMDA-mediated synaptic transmission,
high concentrations of strychnine (5 um) to block glycinergic and
partially also GABAergic synaptic transmission, and also CBX
(50 um) to block possible electrical coupling. In three examples,
we applied also bicuculline (20 um) to block GABAergic synaptic
transmission. All pacemaker neurons remained rhythmically ac-
tive under these conditions (Fig. 11B,,D;). The order with which
these blockers were applied was random, and two examples are
shown in Figure 11. The rhythmic activity persisted in the pres-
ence of AP-5, strychnine, CNQX, and CBX, and the frequency of
rhythmic bursting was increased in the presence of ZD 7288 (Fig.
11B,). The frequency of rhythmic bursting in CNQX was in-
creased in the presence of cesium (Fig. 11D,), and the rhythmic
bursting persisted in the presence of strychnine, AP-5, CBX, and
bicuculline. Note that there was an increase in the duration of the
rhythmic bursts after the application of bicuculline, which may be
attributable to an additional effect on calcium-dependent potas-
sium channels. The persistence of rhythmic activity in all exam-
ined neurons suggests that the rhythmicity is generated intrinsi-
cally and is not dependent on the presence of a rhythmic synaptic
input.

Another indication that the rhythmicity in these neurons was
independent of synaptic input came from current injections. In all
examined pacemaker neurons, additional bursts could be elicited
in the intact network. These additional bursts were independent
from synaptic input and could be elicited by either positive
current injections (Fig. 114,) or releasing these neurons from
negative current injections (Fig. 11C5).

DISCUSSION

In this study, we have demonstrated that blockade of the I,
current caused a significant increase in the respiratory frequency
and an augmentation in the amplitude of integrated XII bursts.
Intracellular recordings from type 1 and type 2 inspiratory neu-
rons indicated that blockade of the /,, current modulates the
bursting frequency and the interburst frequency of action poten-
tials without affecting the intraburst frequency or the burst dura-
tion. Current injections demonstrated that the majority of pace-
maker type 2 neurons expressed an I, current, suggesting that
these neurons were responsible for the /,-dependent modulation
of the respiratory rhythm. Our conclusions are based on a com-
parison of rhythmic activity in the presence and absence of two I,
channel blockers: cesium and ZD 7288.

The specificity of the /,, current blockade

Cesium blocks not only the ;, current but also potassium currents
(Spigelman and Puil, 1989; Coggan et al., 1994; Lin et al., 1996;
Lotshaw, 1997). A diminution of potassium outward currents
could explain an increase in the respiratory frequency caused by
a general depolarization of neurons. However, this explanation is
unlikely, because potassium outward currents were less sensitive
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Figure 8. The I, current is present in only a small proportion of type 2
inspiratory neurons. A, B, Top, Type 2 inspiratory neurons recorded
simultaneously with integrated activity in the PBC. Bottom, Voltage
responses (bottom traces) to negative current injections (scheme, 0.4 nA
steps) of type 2 neurons in the presence of CNQX (20 um). Sixty-six
percent of the neurons (n = 22) developed no sag (A) and 34% of the
neurons (n = 9) showed a depolarizing sag (B).

to cesium than the 7, current. A concentration of 5 mm blocked
77% of the I, current, but only a small percentage of the potas-
sium current that was only significant at “unphysiological” volt-
ages more positive than +40 mV.

Alternatively, cesium may have blocked also inward rectifying
currents (Wischmeyer and Karshin, 1997). These currents have a
similar sensitivity to cesium as the /,, current, and they could also
lead to a hyperpolarization-activated depolarization. However, it
is unlikely that these currents contributed to the effects as ob-
served in this study. The inward rectifier produces inward cur-
rents at potentials more negative than the potassium reversal
potential (approximately —80 mV). Furthermore, we demon-

strated that ZD 7288 (Harris and Constanti, 1995; Maccaferri
and McBain, 1996) had effects similar to cesium. Because ZD
7288 had neither an effect on the inward rectifier nor an effect on
the leak current, we assume that the effects described in this study
were primarily attributable to the blockade of the [, current.

Role of the /,, current in inspiratory neurons

Because blockade of the I, current did not abolish respiratory
rhythm generation, the rhythm-generating mechanism must be
independent from the 7, current. Therefore, the data indicate that
the I, current has a modulatory role. The type 2 pacemaker
neurons are possible candidates for this modulatory function.
These neurons possessed an [, current, and blockade of the I,
current induced changes in pacemaker activity that were strik-
ingly similar to those observed in the intact neuronal network.
However, blockade of the I, current did not cause a significant
shift in the membrane potential of these neurons. Thus, it remains
unknown how the /,, current modulates these pacemaker proper-
ties. The I, current could act as a leak current, which would affect
the action potential generation without a measurable membrane
depolarization. This would be consistent with the demonstration
that the number of action potentials generated during the inter-
burst interval decreased significantly despite the absence of a
membrane potential shift. An alternative explanation is that the
I, current affected bursting properties primarily in dendritic pro-
cesses, which were distant to the somatic recording. Dendritic
currents could affect bursting properties without a measurable
membrane potential shift in the soma. Furthermore, the dendritic
processes may be more hyperpolarized than the soma, which
could explain how the I, current could have such a strong influ-
ence on the bursting properties.

Possible mechanisms how the I,, current slows down rhythmic
activity have been described previously. In the thalamus and the
inferior olive, the membrane potential can reach at low and
intermediate levels of the I, current a threshold that promotes
pacemaker activity. However, at high levels of the 7, current, the
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Figure 10. Effects of I, current blockade on the activity of follower and pacemaker type 2 neurons after pharmacological elimination of respiratory
network activity. 4, Intracellular recording of a follower type 2 neuron (top traces) recorded simultaneously with integrated activity in the PBC (bottom
traces) under control conditions (1), in 20 um CNQX (2), and in 20 uM CNQX plus 5 mMm cesium (3). B, Left, Same experimental procedure as described
in A applied to a pacemaker type 2 neuron. Right, Bar histogram indicating the effect of CNQX (black bar) and CNQX plus I, blockers (cesium, n =
4; ZD 7288, n = 2; white bar) on the bursting frequency of pacemaker neurons. The data are expressed as percentage of control value. The asterisk
indicates a statistically significant difference. C, Percentage of type 2 follower (» = 18) and pacemaker (n = 7) neurons that express the /;, current.

membrane depolarization can cause the inactivation of these
properties and neurons become tonically active (McCormick and
Pape, 1990; Soltesz et al., 1991; McCormick and Bal, 1997). At
this depolarized level, the network will be silent (Bal and Mc-
Cormick, 1997). However, it is not very obvious how this mech-
anism could explain the findings within the respiratory network.
In the respiratory network, it was possible to increase consider-
ably the extracellular potassium concentrations (11 mm) without
blocking rhythmic activity. Moreover, at these high concentra-
tions of 11 mm potassium, blockade of the [, current was still
capable of further increasing the frequency of respiratory rhyth-
mic activity. Thus, further experiments, possibly involving a com-

bined computational and intracellular analysis of isolated respi-
ratory pacemaker neurons, will be necessary to examine the
mechanisms that lead to the /,, current-induced modulation of
respiratory activity.

A possible physiological role for the /,, current in
modulating respiratory activity

Although the underlying mechanisms remain hypothetical, it is
clear that the 7, current can play an important role in regulating
the frequency of the respiratory rhythm. The effect of blocking
the I, current has striking similarities with the initial phase of the
respiratory response to hypoxia, the so-called augmentation
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Figure 11.

Pacemaker activity in the intact network (4, C) and after extensive blockade of synaptic activity (B, D). A,;, Simultaneous recordings of a

type 2 pacemaker neuron (top trace) and the population activity (bottom trace) under control conditions. A,, Current injection (fop trace) induced an
increase in the frequency of generated bursts in the neuron (middle trace), indicating its pacemaker properties in the intact network. The population
activity is unaffected (bottom trace). B;, Recording of the same neuron after synaptic isolation with 20 uM CNQX, 50 um AP-5, 5 uMm strychnine (Stry),
and 50 um CBX. B,, The blockade of the I, current with ZD 7288 increased the frequency of the rhythmic activity that persisted after synaptic isolation.
C,, Same as 4,;. C,, The release from negative current (top trace) induced an increase in the neuron bursting frequency (middle trace). The population
activity is unaffected (bottom trace). D;, The neuron remained rhythmically active in 20 um CNQX. D,, Its bursting frequency increased after blockade
of the [, current with 5 mm cesium. D5, The rhythmic activity persisted in 50 um AP-5, 5 uM strychnine (Stry), 20 um bicuculline (Bic), and 50 um CBX.

(Ramirez et al., 1997, 1998). Under these conditions, the respi-
ratory frequency increases. Like in the absence of the /,, current,
the burst amplitude increases only in the motor nucleus, but not
in the PBC (Telgkamp and Ramirez, 1999). Thus, in both cases,
the XII motor output and the rhythm generator in the PBC were
differentially modulated. This is conceptually a very interesting
finding, because it has been proposed previously that rhythm
generation and motor pattern generation are differentially mod-
ulated (Feldman et al., 1990). In the XII motor nucleus, neurons
contain a significant amount of 7, current, as shown here and by
Bayliss and Berger (1994). Thus, the pronounced amplification of
the X1II burst amplitude might be the result of a direct modulation
of XII motoneurons. It has been demonstrated previously that the
induction of bursting properties can be an efficient mechanism to
amplify synaptic input (Ramirez and Pearson, 1991), which could

also be relevant for the XII nucleus. However, this is only one of
many conceivable mechanisms that have to be examined to elu-
cidate the underlying mechanisms. Interestingly, the I, current
undergoes a 10-fold increase during early postnatal development
(Bayliss et al., 1994), which correlates with a developmental
change in the hypoxic response (Ramirez et al., 1997, 1998).

The dependency of the I, current on other parameters

Another issue that has to be addressed is the functional relevance
of our findings for in vivo breathing. One concern is that the
frequency of the respiratory rhythm in vitro is slower than the
breathing rhythm under in vivo conditions (~1 Hz) (Smith et al.,
1995). This difference could be attributable to the removal of
excitatory input and/or to a lower temperature. The frequency
difference between in vivo and in vitro will affect the phase of the
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I, current activation within a respiratory cycle, which in turn
might affect the role of the I, current in respiratory rhythm
generation. In our study, we observed that a blockade of the I,
current increased the respiratory frequency over a wide fre-
quency range from 0.07 to 0.7 Hz. However, even at the highest
frequency, the in vitro thythm was still slower than the frequency
observed in the in vivo mouse (~1 Hz). Thus, it is very difficult to
predict the physiological role of the I;, current until similar exper-
iments are performed under in vivo conditions.

However, of great interest was the finding that the effect of
blocking the I, current was dependent on the initial frequency of
the network. At long cycle periods, the blocking effect was more
pronounced (178% increase at 0.1 Hz) than at short cycle periods
(no more than 100% above 0.15 Hz). The dependency of the I,
current on the cycle period has been described previously for the
leech heartbeat system (Olsen and Calabrese, 1996). In this
network, the strength of the I, current increased significantly with
longer cycle periods, which should also result in a more pro-
nounced role of the I, current at lower frequencies. This dynamic
property of the /,, current is only one aspect that will be relevant
for assessing the functional role of the /,, current in the intact
network. The I, current begins to activate at —50 mV. Therefore,
by hyperpolarizing the membrane to more negative values, syn-
aptic inhibitory inputs, calcium-dependent potassium currents,
and voltage-dependent potassium currents will play major roles in
affecting the activation of the [, current. In addition, rhythmic
fluctuations in intracellular signaling pathways will modulate the
activation of the [, current, which in turn may affect the frequency
of the respiratory rhythm (Liithi and McCormick, 1998, 1999a,b).
Thus, it will be an important and interesting task to unravel this
complex scenario within the respiratory network, which is partic-
ularly promising because of the high percentage of respiratory
pacemaker neurons that express an I,, current.
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