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Abstract

The present study examined speci®c effects of sodium cyanide (CN) on the membrane potential (MP), spontaneous
discharge (SD) and voltage-gated ion current of the identi®ed bulbospinal rostral ventrolateral medulla (RVLM) neuron
in the rat pup brainstem slice. 125 mM CN rapidly depolarized MP in the RVLM neuron by 11.6 mV as well as enhanced the
SD rate by 300%. In contrast, the same dose of CN immediately hyperpolarized unlabeled, non-RVLM neurons by 4.8 mV.
50 mM CN did not signi®cantly affect voltage-gated Ca11 or A-type K1 currents. The same concentration of CN, however,
rapidly and reversibly suppressed voltage-gated Na1 currents and sustained outward K1 currents in the RVLM neuron by
22.5% and 23%, respectively. Tetraethylammonium could mimic the effect of CN on MP, SD and sustained K1 current in
the RVLM neuron. It is concluded that: (1) like that from the adult rat, the rat pup bulbospinal RVLM neuron can be
selectively and rapidly excited by CN; (2) the hypoxia-sensitive, sustained outward K1 channel may play an important
role in the acute hypoxia-induced excitation of the RVLM neurons. q 2001 Elsevier Science Ireland Ltd. All rights
reserved.
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The principal source of excitatory drives to pre-ganglio-

nic sympathetic neurons in the spinal cord emanates from a

few hundred pre-sympathoexcitatory bulbospinal vasomo-

tor neurons in the brainstem rostral ventrolateral medulla

(RVLM) area [1,3,16]. These neurons are a subset of the

C1 cells that are adrenergic and monosynaptically innervate

spinal sympathetic neurons [1,11,14,16]. They are sponta-

neously active and discharged with a cardiac rhythmicity,

providing basic excitatory drive to maintain normal resting

blood pressure [1,3,11,16,19]. The RVLM neuron itself also

serves as an O2-sensor in central nervous systems (CNS)

[3,5,18]. It is rapidly (, 1 min) excited by hypoxic hypoxia

and histotoxic hypoxia evoked by sodium cyanide (CN),

resulting in a stereotyped autonomic response of sympa-

thetic activation including hypertension, bradycardia,

expiratory apnea and global elevations of resistance of cere-

bral blood ¯ow without changes in cerebral metabolism

[3,15,18±20]. Acute responses of the RVLM neuron to

hypoxia or CN include a rapid enhanced pacemaker activity

[5,18,19] and involvement of O2-sensitive ion channels in

plasma membrane. However, there has been con¯icting

evidence about the exact ionic mechanism underlying the

cellular hypoxic activation of RVLM neurons [4,5,9,19]. In

order to elucidate this ionic mechanism, we examined acute

responses of membrane potential (MP) and spontaneous

discharge (SD) in the identi®ed rat bulbospinal RVLM

neuron to histotoxic hypoxia evoked by CN and determined

links between the O2-sensitive ion channels in these neurons

and hypoxia-induced excitation in the RVLM neuron. The

present study utilized the rat pup RVLM neuron in brain-

stem slices for whole-cell patch-clamping, because: (1) only

those RVLM neurons in brainstem slices, rather than in

dissociated states, exhibit the pacemaker activity [9,11];

(2) the GV-seal method is not feasible for the adult

RVLM neuron in slices [11,19].

Retrograde labeling: All experimental procedures were

approved by the Institutional Animal Care and Use Commit-

tee at the Weill Medical College of Cornell University. As
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described previously [11], rat pups (P4±10) were anesthe-

tized by hypothermia with CO2. Fluorescent rhodamine-

labeled microbeads (Luma¯uor) were injected bilaterally

into thoracic T2-T4 spinal cord segments (0.5 ml/side) to

retrogradely label the bulbospinal RVLM neurons. Two to

6 days later, the rat pups were anesthetized by hypothermia

and sacri®ced. The brainstem was removed and immersed

into an ice-cold, sucrose-arti®cial cerebrospinal ¯uid (s-

ACSF) composed of (in mM): 26 NaHCO3, 1 NaH2PO4, 3

KCl, 5 MgSO4, 0.5 CaCl2, 10 glucose, 248 sucrose,

(pH� 7.4) as equilibrated with 95% O2 1 5% CO2. The

brainstem was then coronally sectioned with a Vibratome

(Lancer 1000) at 150±200 mm in thickness. The sections

were perfused in a recording chamber at room temperature

with a lactic acid (l)-ACSF equilibrated with 95% O2 1 5%

CO2 (in mM): 124 NaCl, 26 NaHCO3, 5 KCl, 1 NaH2PO4, 2

MgSO4, 2 CaCl2, 10 glucose, 4.5 lactic acid (pH� 7.4).

Most of C1-RVLM neurons are anatomically located in

the rostral ventrolateral area in one slice immediately caudal

to the facial nucleus [9,11]. Within this area, the labeled

RVLM neurons were visualized under an upright, epi-¯uor-

escent microscope (Nikon). In order to examine whether

they are the C1-cells, contents of recorded neurons were

usually aspirated into the electrode for the single-cell RT-

PCR to detect the tyrosine hydroxylase (TH)-transcript [9].

Electrophysiology: The patch pipette was pulled from

borosilicate glass pipettes (Drummond Sci) on P80/PC

puller (Sutter Instru.). For the current-clamp and Na1 or

K1 current recording, the pipette solution was used (in

mM): 114 K1-gluconate, 17.5 KCl, 4 NaCl, 4 MgCl2, 10

K1-EGTA, Mg2ATP, with pH� 7.25. For Ca11 current

recording, K1 in the pipette solution was replaced with

equivalent Cs1. The patch-clamp whole-cell current- and

voltage-clamp [7] were employed using Axoclamp-2A
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Fig. 1. (A) The C1-RVLM neuron marked by Cy3-conjugated, horse anti-mouse anti-TH antibody (right panel) was co-labeled by the
retrogradely transported rhodamine microbeads (left panel). The bar indicates 20 mm. (B) Representative traces of MP and SD from a
RVLM neuron are shown. The rate of SD of controls (solid line) was signi®cantly enhanced by 125 mM CN (dotted line). (C) Amplitudes of
MP in controls (n � 6) versus CN-treated groups amid RVLM (closed, n � 4) and unlabeled non-RVLM neurons (open, n � 3) are
illustrated. (D) Changes in the SD rate of controls (n � 6) to presence of 125 mM CN (n � 4) were statistically compared. *P , 0:05;
**P , 0:01.



and 200A, separately. pClamp 6.01 was used for data acqui-

sition and analysis. Images of the labeled neurons were

stored on 2.2 Workbench Image (Axon Instru.).

Immunostaining: The brainstem slice was ®xed in freshly

prepared 4% paraformaldehyde in 0.1 M phosphate buffer

(pH� 7.3). After washes with 0.5% bovine BSA, it was

incubated with the primary mouse monoclonal antibody

against TH (Chemicon, 1:10000) for 2 h and was then trea-

ted with Cy3-conjugated secondary antibody. The catecho-

laminergic C1-RVLM neuron was detected with its TH-

immunoreactivity.

Data analysis: Data were expressed as mean ^ SEM.

Statistical comparisons between controls and drug-treated

neurons were made using the Student's t-test. Sample

number for controls versus drug-treated neurons was 3±6.

It is established that the bulbospinal RVLM neuron can

be labeled by retrogradely transported ¯uorescent dye that is

injected into the IML region of thoracic T2 toT4 spinal cord

segments [11]. The RVLM neurons in brainstem slices were

well labeled with rhodamine microbeads 2±4 days after the

injection (Fig. 1A). Using a combination of the post-record-

ing TH-staining (Fig. 1A) and single-cell RT-PCR (data not

shown) methods, our results show that approximately 35%

of the total labeled neurons in the RVLM area were cate-

cholaminergic, similar to other reports [9,11].

As illustrated in Figs. 1B and 3A, the labeled RVLM

neurons exhibited the pacemaker activity that is only

observed when recorded on brainstem slices [9,11]. Like

hypoxic hypoxia (5%O2 1 95%N2) (data not shown), CN

rapidly and signi®cantly evoked a bursting ®ring of SD of

the RVLM neuron (Fig. 1B,D), a stereotyped response simi-

lar to that recorded from adult rats [19]. In addition, the

same dose of CN signi®cantly depolarized MP by decreas-

ing it from 261.6 ^ 3.6 mV to 250 ^ 8.2 mV (Fig. 1B,C).

Three unlabeled neurons picked up from non-RVLM

regions displayed no SD, with an average MP of

257.7 ^ 4.0 mV (n � 6). In contrast to the labeled

RVLM neurons, CN (125 mM) immediately hyperpolarized

MP in these unlabeled non-RVLM neurons to 262.5 ^ 2.2

mV, yet could not evoke any SD (Fig. 1C).

In order to determine the role of voltage-gated Ca11

channels in hypoxia- and CN-induced excitation of the

RVLM neurons, effects of CN on the voltage-gated Ca11

currents was examined ®rst. As shown in Fig. 2A, 2 mM

Ca11 -mediated Ca11 channel currents were elicited from

280 mV to 10 mV. 50 mM CN exerted little in¯uence on

this Ca11 current (Table 1).

Effects of CN on Na1 and K1 currents of the RVLM

neurons were then examined. A TTX-sensitive, voltage-

gated Na1 current was elicited from 290 mV to 210 mV

(Fig. 2B). 50 mM CN signi®cantly inhibited this Na1

current (Table 1, Fig. 2B).

A sustained outward K1 (K1
(out)) current in the RVLM

neurons [16] was elicited from 230 mV. The I-V relation-

ship curve of it reveals that the K1 channel starts to activate

at holding potentials $ 230 mV (Fig. 2D). 50 mM CN

reversibly and signi®cantly inhibited this K1 current

induced by step potentials from 150 mV to 170 mV

(Table 1, Fig. 2C). This inhibition appears to be voltage-

dependent, namely, the more positive depolarizing steps

were applied, the more signi®cant suppression of the current

exhibited. At 160 mV, for instance, 50 mM CN suppressed

this K1
(out) current from 1075.5 ^ 154.3 pA of controls to

804.5 ^ 79.1 pA (P , 0:05). At 170 mV, moreover, 50

mM CN inhibited the K1
(out) current more signi®cantly,

from 1230 ^ 148.4 pA of controls to 947 ^ 109.8 pA

(n � 4, P , 0:01) (Fig. 2D). In contrast, 50 mM CN did

not signi®cantly affect a 4-AP-sensitive A-type K1 current
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Fig. 2. (A) 50 mM CN exerted little in¯uence on the voltage-gated
Ca11 current in the RVLM neuron elicited from 280 mV to 110
mV. (B) 50 mM CN, however, partially inhibited the voltage-gated
Na1 current in the RVLM neuron elicited from 290 mV to 210
mV. Be noted that this Na1 current was fully blocked by 10 mM
TTX, along with 10 mM 4-AP blocking the A-type transient K1

current. (C) 50 mM CN reversibly inhibited the voltage-gated,
sustained outward K1 current in the RVLM neuron elicited
from 230 mV to 170 mV. (D) I-V curve of this K1

(out) current is
shown. The K1

(out) current in controls (V) and the presence of 50
mM CN (B) is plotted against each 10 mV step potential (n � 4;
*P , 0:05; **P , 0:01).

Fig. 3. TEA mimics the effect of CN on MP, SD and sustained
outward K1 currents in the RVLM neuron. (A) Representative
traces of MP from a RVLM neuron are shown. Both MP and SD
were affected by 3 mM TEA (dotted line) in the manner similar to
that by CN. (B) 3 mM TEA signi®cantly inhibited the voltage-
gated, sustained K1

(out) current elicited from 230 mV to 150 mV
(n � 3).



in the RVLM neuron elicited from 290 mV to 130 mV

(Table 1).

Finally, we examined if tetraethylammonium (TEA), a

typical K1 channel blocker, could mimic the CN-evoked

actions on MP and SD in RVLM neurons. Like CN, 3

mM TEA signi®cantly decreased MP from 252.6 ^ 2.1

mV of controls to 237.3 ^ 1.9 mV (n � 3, P , 0:05)

(Fig. 3A). Additionally, it almost doubled SD rate from

0.04 ^ 0.003 HZ of controls to 0.076 ^ 0.005 Hz (n � 3,

P , 0:05). Moreover, 3 mM TEA signi®cantly inhibited the

sustained K1
(out) current in the RVLM neuron, Amplitudes of

this K1
(out) current elicited at step potential 150 mV

decreased from 863.8 ^ 120.9 pA of controls to

546.7 ^ 121.2 pA in the presence of 3 mM TEA

(P , 0:05, n � 3) (Fig. 3B).

Both CN and hypoxic hypoxia can induce a similar exci-

tation of the RVLM neuron in vivo and in vitro [4,18,19],

indicating a similar mechanism involved [12,13]. Using CN

as the histotoxic agent quickly evoking hypoxia

[9,10,18,19], we sought to determine if CN could reveal

any speci®c feature of O2-sensing in the identi®ed rat pup

RVLM neurons. Our results show that RVLM neurons from

5±16 day old rat pups displays the acutely hypoxic response

similar to that from adult rats [18,19], strongly suggesting

that they have already expressed the related ionic O2-sensi-

tive mechanism [7,17].

The present data also con®rms that the hypoxia-induced

excitation in the rat pup RVLM neuron is rapid and selec-

tive. This rapid property distinguishes itself from `patholo-

gical hypoxia' that results in responses to prolonged energy

deprivation (. minutes). Thus, it suggests that the CN-

induced excitation of the RVLM neuron may result from

direct O2-sensors located around the plasma membrane

coupled with ®nal effectors. The effect of CN on RVLM

neurons is also selective. The immediate action by CN on

the labeled RVLM neuron was depolarization while, in

contrast, its action on the unlabeled non-RVLM neuron

was hyperpolarization, suggesting that the RVLM neuron

possesses an O2-sensing property that is distinct from that in

other neurons [5,6].

The voltage-gated ion current in the RVLM neuron have

been previously characterized [5,9,11]. However, there have

been con¯icting results about its ionic mechanism under-

lying the hypoxic activation [4,9,19]. Different roles of

Ca11 and K1 currents in unidenti®ed RVLM neurons

were described [4,19]. In addition, Kawai et al. [9] reported

that 1 mM CN unselectively increased all voltage-gated ion

currents in dissociated RVLM as well as non-RVLM

neurons. One major reason for the different results between

Kawai's and our studies might be the much higher (1 mM)

dose of CN applied by the former. We have recently exam-

ined effects by different doses of CN on the K1 currents in

the isolated RVLM neuron, showing that like those obtained

from the slice experiment, the sustained K1 current was

inhibited by 30±50 mM CN. The high (0.5±1 mM) dose of

CN, however, could result in immediate and irreversible

pathological changes in the RVLM neuron (data not

shown). Moreover, the fact that the O2-sensitive actions of

RVLM neurons were mimicked by TEA strongly reveals a

key role of the sustained K1 channel in the hypoxic pre-

sympathoexcitation. Thus, it appears likely that the acute

suppression of sustained K1
(out) currents by both CN and

TEA results in a bursting of spontaneous activity and initia-

tion of the pre-sympathetic excitatory response in the

RVLM neuron. The identity of this CN-sensitive, sustained

K1 channel remains unclear, however. It has been assumed

that Kv3 or Ca11-activated potassium channels may play an

important role in the spontaneous ®ring in the CNS neuron

[2,6,17]. However, possible roles of ATP-sensitive K1

channels in the RVLM neuron excitation [4] may be

excluded, since this channel should open when CN is

present [2]. The CN- and TEA-sensitive K1 channels are

also found in other chemoreceptor cells including type I

glomus carotid and neuroepithelial body cells [8,10,12,20]

as well as neocortical neurons [6]. In terms of the CN-

induced partial block of Na1 channels in the RVLM neuron,

it may be linked with an O2-sensitive protective mechanism

that restricts Na1 entry to the neuron and exerts prevention

of cell death [6].
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