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Voltage-gated calcium channels are not involved in generation and
propagation of spreading depression (SD) in the brainstem

of immature rats
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Abstract

Spreading depression (SD) can be elicited in the brainstem of rats younger than 13 days when excitability is enhanced by acetate superfusion
[F. Richter, S. Rupprecht, A. Lehmenkühler, H.-G. Schaible, Spreading depression can be elicited in brain stem in immature but not adult rats,
J. Neurophysiol. 90 (2003) 2163–2170]. To investigate whether voltage-gated calcium channels (VGCCs) modify initiation and propagation
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f SD in this type of tissue, we applied specific blockers to L-, T-, P/Q-, and N-type VGCCs locally or systemically. SD-related d.c. p
nd concomitant increases in extracellular potassium concentration ([K+]e) were unaffected by the L- and T-type VGCC blocker flunariz

hat was applied either systemically (up to 2 mg/kg body weight) or by superfusion onto the brainstem (40�M). In addition, local applicatio
f the P/Q-type VGCC blocker�-agatoxin (1�M) or of the N-type VGCC blocker�-conotoxin (1�M) to the brainstem surface did n

nfluence SD. The results indicate that VGCCs do not modify the generation or propagation of SDs in the brainstem of the imm
lockade of N-type VGCCs disturbed the normal breathing rhythm. Application of alpha-amino-3-hydroxy-5-methyl-4-isoxazole p
cid (AMPA) (250–1000�M) that elicited SD in the immature cortex, failed to elicit SD in the immature brainstem. In summary, it is

hat K+ initiates and propagates brainstem SDs.
2005 Elsevier Ireland Ltd. All rights reserved.

eywords: SD-related d.c. shift; Agatoxin; Conotoxin; Flunarizine

preading depression (SD) in the cerebral cortex[12,13] is
depolarization wave characterized by a transient negative

.c. potential, propagating slowly from a focus across the
emisphere. It is accompanied by a transient release of
otassium into the extracellular space and an influx of water,
odium, calcium and chloride into cells[2,21]. For a long
ime, SD in the cerebral cortex is thought to be the neuronal
echanism involved in the migraine aura[10,16,18]and a
echanism that causes expansion of the ischemic penumbra

one after stroke (cf.[27]).
Voltage-gated calcium channels (VGCCs) play a mod-

lating role in cortical and hippocampal SD. Leaner and
ottering mice with mutations of P/Q-calcium channels
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showed increased resistance to cortical SD and a lack o
regenerated repetitive cortical SD waves[1]. The blockad
of N-, P/Q-, or L-type calcium channels by specific block
inhibited repetitive cortical SD in adult rats, but did not p
vent prick-induced non-repetitive SD[17]. Conversely, th
blockade of T-type calcium channels by amiloride indu
spontaneously occurring repetitive SD waves in hu
cortical slices[4]. In hippocampal organotypic culture
uncoupling of glial gap junctions by heptanol blocked b
calcium waves and SD waves[8]. Blockade of P/Q-type ca
cium channels but of neither L- nor N-type calcium chan
prevented SDs in hippocampal organotypic cultures[9].

Recently, we have shown that SDs can be elicited in
immature rat brainstem[19] when 75% of the extracellul
chloride content was substituted by an equimolar amou
acetate as it has been demonstrated for the turtle cereb
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[11,14]. The mechanisms underlying generation and prop-
agation of brainstem SDs have not been described. Since
VGCCs are involved in transmitter release and control of
excitability, blockade of VGCCs should interfere with brain-
stem SDs if the same mechanisms are involved as in corti-
cal and hippocampal SDs (see also[22]). The elevation of
extracellular [K+] due to neuronal release that was proposed
originally by Grafstein[6] could either by itself or together
with glutamate[23] initiate or propagate SD.

To test whether VGCCs are involved in brainstem SDs,
we recorded SD-related d.c. deflections in the brainstem of
immature rats before and after the blockade of VGCCs in
the brainstem. For comparison, we also recorded SD in the
cerebral cortex. The experiments were approved by the local
animal protection committee and the regional government of
Thüringen (reg. 02-10/01). The preparation was previously
described in detail[19]. Briefly, in spontaneously breath-
ing, urethane-anesthetized (1.5 g/kg, i.p., Sigma–Aldrich
GmbH, Seelze, Germany) Wistar rat pups aged 11–12
days a trephination (diameter 2–3 mm) was made over
the occipito-temporal cortex, and the underlying dura was
slitted. The brainstem was exposed from the occipital bone
to the first cervical vertebra by incising the neck muscles, the
atlanto-occipital ligament and by removing the underlying
dura mater. A feedback-controlled heating pad maintained
body temperature at 37◦C, and a mechanograph monitored
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60 min with ACSF in which 100 mM of the chloride (75%)
was exchanged by 100 mM acetate. After stopping the super-
fusion, another KCl crystal was applied. Superfusion was
continued after the first SD-related d.c. shift or when a sus-
tained negative d.c. shift occurred that was associated with
an impairment of breathing. At the end of the experiment, the
animal was sacrificed by an overdose of urethane.

In seven rat pups aged 11–12 days, the non-selective L-
and T-type calcium channel blocker flunarizine (flunarizine
hydrochloride, Sigma, Germany) was administered intraperi-
toneally at concentrations of 1–2 mg/kg body weight (accord-
ing to Shimazawa[20]), when KCl application had elicited
SD in the brainstem. In four of these rats in addition, flunar-
izine at 40�M diluted in ACSF was applied topically to the
surface of the cortex and the brainstem.

To check whether acetate-ACSF interferes with SD repeti-
tion or with the effects of the VGCC blockers, we superfused
the cerebral cortex of three adult rats with acetate-ACSF and
tested whether KCl still elicited repetitive SD after 1–2 h of
superfusion. Subsequently, we applied the VGCC blockers
(1�M �-agatoxin, 1�M �-conotoxin, or 40�M flunarizine)
topically to the exposed cortical surface, and we monitored
the propagation of prick-induced SD and the propagation
and repetition rates of KCl-induced SD in the untreated and
treated cortical areas, respectively. For further methodologi-
cal details see[17].
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To record d.c. potentials at different vertically and h

ontally separated sites in the brainstem, an array was
hat consisted of three microelectrodes (horizontal tip
ration of 400�m, vertical tip separation of 400�m) filled
ith 150 mM NaCl. It was lowered into the brainstem a

eached a maximum depth of 1200�m in a region clos
o the caudal trigeminal nucleus. For simultaneous reg
ion of d.c. shifts and of changes in extracellular potass
oncentration ([K+]e), a double-barreled potassium-selec
icroelectrode filled with Corning K+ exchanger 47731

W.P.I., Berlin, Germany) was used. To observe SD prop
ion, one d.c. microelectrode filled with 150 mM NaCl w
lued with 400�m horizontal tip separation to this electro
D-related d.c. shifts in the cerebral cortex were reco
t a depth of 1200�m using a single barreled microele

rode filled with 150 mM NaCl. The reference electrode
C-recording was placed onto the nasal bone. For fu

echniques see[19].
Exposed brain areas were kept moist with regular a

ial cerebrospinal fluid (ACSF (in mM): NaCl 138.4, K
.0, CaCl2 1.3, MgCl2 0.5, NaH2PO4 0.5, urea 2.2, glu
ose 3.4, warmed to 37◦C and equilibrated with 5% CO2

n O2). After ACSF superfusion for 1 h, small KCl crysta
eighing 0.1–0.5 mg were placed onto the cortex and

he brainstem surface at a distance of about 1 mm to the
uperficial electrode. Prior to KCl application, superfus
as stopped and the surface of the cortex and the brain
as carefully dried with a thread of cotton wool. After K
pplication for about 1 min, superfusion was continued
In a group of five 11-day-old rats, we tested whe
he topical application of a solution containing�-agatoxin
VA at 1 �M (P/Q-type calcium channel blocker, dissolv
n 165 mM NaCl, pH 7.4; Bachem, Heidelberg, Germa
r of �-conotoxin GVIA at 1�M (N-type calcium chan
el blocker, dissolved in 165 mM NaCl, pH 7.4; Bache
eidelberg, Germany) blocks the propagation of SD in
rainstem. The same doses prevented repetitive SDs in
erebral cortex[17] and influenced single neuron activity
he adult rat brainstem[3]. About 50�l of the �-agatoxin
VA solution was applied to the dried surface of the br
tem with a micropipette and stayed there for 20 min. T
t was quickly removed by a cotton thread, and within

KCl crystal was placed to the brainstem. The KCl c
al was washed away with acetate-ACSF when an SD
ad moved across the electrode area. Then the brainste
ried with a cotton thread and the same blocker was ap

or another 20 min. The procedure was repeated a third
o that each blocker was applied for 60 min, only interru
y two intervals of about 5 min each. After thoroughly wa

ng the brainstem with acetate-ACSF the same protoco
epeated with topical application of�-conotoxin GVIA.

To further test whether glutamatergic mechanisms
nvolved in the generation of SDs in the immature brains
e applied the specific AMPA receptor agonist alpha-am
-hydroxy-5-methyl-4-isoxazole propionic acid (AMP
50, 500 and 1000�M; Sigma, Seelze, Germany) topically

he acetate-ACSF conditioned brainstem in 6 rats aged 1
ays. In addition, we tested whether the same concentra
f AMPA evoke cortical SDs.
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Fig. 1. (A) Failure of systemic flunarizine to influence SD generation in the immature brainstem. Simultaneous recordings of SD-related d.c. deflections and
concomitant changes in extracellular potassium concentration at depths of 800 and 1200�m in the brainstem of an 11-day-old rat. The lateral spacing of the
electrode tips was 400�m. Panels from left to right: prior to acetate-ACSF, KCl failed to elicit SD in the brainstem. After acetate, KCl elicited single SD-related
d.c. shifts in the brainstem that were accompanied by an elevation in [K+]e. A similar brainstem SD was observed after systemic flunarizine. The thin dotted
lines accent the delayed peak times at the second brainstem d.c. electrode (middle trace), indicating the propagation of the SD wave. (B) Comparison of SD
parameters amplitude (measured as amplitude of the SD-related d.c. shift), rise time to peak, decline time and duration after acetate, after 1 mg/kg flunarizine
i.p. and after application of 40�M flunarizine to the surface of the brainstem in the course of the experiments. The bars show mean values± S.E.M. An asterisk
marks statistically significant differences to controls (p< 0.05).

Data were recorded on PC by using custom signal acquisi-
tion programs. The SDs were analyzed regarding occurrence,
amplitude, and shape. Direct current (d.c.) shifts were classi-
fied as SD if [K+]e elevations amounted at least 12 mM with
concomitant d.c. shifts of about 3 mV, and if peaks showed
a time difference at the horizontally separated electrodes in
the brainstem indicating propagation. Statistical comparisons
between values before and after treatment were made by
one-way ANOVA with Tukey’s post-test. Significance was
accepted atp< 0.05.

No SD-related d.c. shifts were elicited by a KCl crystal
in the cortex or in the brainstem of rat pups prior to acetate

superfusion confirming our previous study[19]. A superfu-
sion with acetate-ACSF for 90–120 min was required to con-
dition the immature brain tissues for SD. We never observed
a migration of the SD from the brainstem to the cerebral
cortex.

After administration of flunarizine systemically, we were
still able to elicit, with a KCl crystal, the typical non-repetitive
SD-related d.c. deflections in the brainstem (Fig. 1A). Flu-
narizine did not stop SD generation and propagation in the
brainstem (14 attempts elicited 14 SD), but significantly pro-
longed the SD-related d.c. shift at this site (Fig. 1B). No effect
of flunarizine was obtained in the cortex of these rats. Neither
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the intraperitoneal nor the topical application of flunarizine
interfered with the normal breathing rhythm of the rat pups.
In adult rat neocortex, the same doses of flunarizine inhibited
repetitive SDs after KCl application (data not shown).

Both the P/Q-type blocker�-agatoxin IVA and the N-type
VGCC blocker�-conotoxin GVIA inhibited the repetition
rate of KCl-induced SD in the cerebral cortex of adult rats
[17]. In the present study, we confirmed these effects and
showed that acetate-ACSF did not influence the inhibiting
effects of both VGCC blockers on repetitive SDs in the cere-
bral cortex of adult rats (data not shown). Topical application
of �-agatoxin IVA to the surface of the brainstem of rat pups
did not prevent SD-related d.c. shifts (15 attempts elicited
13 SD). Neither a single application of�-agatoxin IVA for
20 min nor a triple application for 20 min each inhibited SD
elicitation and propagation (Fig. 2A). After �-agatoxin IVA
application brainstem SD-related d.c. shifts were slightly
smaller in amplitude, and their duration lasted signifi-
cantly longer than during acetate-ACSF controls (Fig. 2B).
Breathing frequency was unchanged by�-agatoxin IVA.

Subsequent application of�-conotoxin GVIA (Fig. 2A) did
not influence the occurrence of SD-related d.c. shifts either
(11 attempts elicited 10 SD), but slightly decreased their
amplitudes and increased their rise times (Fig. 2B). In three
out of five rat pups, the second application of�-conotoxin
GVIA caused a progressive reduction in breathing frequency
after about 10 min, and a final respiratory arrest with
asphyxia occurred after 15–20 min.

The application of AMPA was barely effective to elicit
SD in the immature brainstem. In all rat pups, a KCl crystal
elicited SD in the brainstem after conditioning with acetate-
ACSF, but AMPA elicited only at a concentration of 1000�M
in one of the six animals a d.c. deflection that fulfilled our
criteria of SD (Fig. 3). In the cerebral cortex of the same
animals, a concentration of 250�M AMPA was sufficient
to elicit a single SD wave (four attempts elicited three SD),
whereas 500 or 1000�M AMPA evoked long-lasting and
slowly recurring depolarizations in the cerebral cortex that
did not conform to typical SD (500�M: four SDs in five
applications; 1000�M: one SD in four applications).
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ig. 2. (A) SD propagation in the brainstem at two different depths (800 and 1�m
f specific P/Q-type and N-type VGCC blockers to the brainstem surface. T
ight: prior to acetate-ACSF KCl failed to elicit SD in the brainstem. KCl-evo
hree times per 20 min did not change elicitability of the brainstem SD. First
n the brainstem. Scale bars refer to all traces. (B) Comparison of SD param
eak, decline time and duration in controls after acetate, after topical applicat�
rainstem in the course of the experiments. The bars show mean values± S.E.M. A
200) with a separation of the electrode tips by 800�m after topical application
he recordings were made subsequently in an 11-day-old rat. Panels from left to

ked SD after acetate-ACSF in the brainstem. The application of�-agatoxin for
application of�-conotoxin for 20 min did not interfere with the KCl-induced SD
eters amplitude (measured as amplitude of the SD-related d.c. shift), risetime to
ion of-agatoxin and after topical application of�-conotoxin to the surface of the
n asterisk marks statistically significant differences to controls (p< 0.05).
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Fig. 3. The application of AMPA at different concentrations elicited SD in the cerebral cortex of 11-day-old rats, but not in the brainstem. Panels from left to
right: 1000�M AMPA (arrows) prior to acetate conditioning was ineffective to elicit any d.c. deflections either in the cortex or in the brainstem. After 60 min of
acetate conditioning KCl (arrows) elicited SDs both in the cortex and in the brainstem. AMPA (250�M) (arrows) after acetate elicited SD in the cerebral cortex
but not in the brainstem. After application of 500�M AMPA (arrows) following acetate conditioning the SD wave in the cortex was prolonged and returned only
slowly to baseline, no AMPA-related d.c. deflections in the brainstem were seen. Application of 1000�M AMPA (arrows) after acetate conditioning caused a
long-lasting negative d.c. deflection in the cortex, similar to a terminal negativation. In the brainstem of this particular animal, however, this concentration of
AMPA elicited one SD.

The present data show that blockade of L-, T-, P/Q-, and
N-type VGCCs does not interfere with the generation and
propagation of SD in the immature brainstem. Thus SDs
in the brainstem significantly differ from that in neocortex
and hippocampus. Application of the L- and T-type VGCC
blocker flunarizine to the immature brainstem or cortex did
not prevent SDs. This is different from adult animals where
flunarizine raises the SD-threshold in the cerebral cortex
[24,25]and decreases the repetition rate of KCl-induced SD
[20]. The prolonged duration of SD in the immature brain-
stem after application of flunarizine could be attributed to
a non-specific blockade of channels that are involved in the
recovery from SD. The lack of effect of blockade of T-type
VGCCs on brainstem SD also contrasts with the results in
hippocampal slices, where low doses of the T-type channel
blockers Ni2+ or amiloride induced SD[4,5].

The extracellular diffusion of excitatory amino acids,
e.g. glutamate, that mediate propagation and self-ignition
of repetitive SD in the cerebral cortex is closely related to
their synaptic release[21]. The latter depends on activation
of presynaptic VGCCs. In the adult neocortex, topical appli-
cation of the same doses of P/Q-type and N-type VGCC
blockers for 60 min (�-agatoxin IVA and�-conotoxin GVIA,
respectively) inhibited repetitive SD and prolonged the dura-
tion of single CSD. A KCl crystal, however, was still able
to elicit a single CSD that traveled across the cortical area
i tion
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mechanism, how the chloride/acetate exchange conditions
the brain tissue for SD, is not clear. Besides lowering the
chloride content, it might additionally change the pH- and
calcium-activity gradient across cellular elements, resulting
in an increased neuronal excitability.

The precise localization of different VGCCs in the brain-
stem (presynaptically to the neuron, at interneurons, etc.) is
assumed to be similar to that in other brain tissues[3,26].
P/Q-type and N-type channels are located presynaptically,
thereby controlling the release of transmitters such as glu-
tamate. The failure of VGCC blockers to inhibit SD in the
immature brain tissue might have several reasons. (i) KCl-
induced SD at this age propagate independently from the
release of excitatory amino acids, and therefore, VGCCs are
not required for SD. (ii) The VGCCs are not functional at
this developmental age. The latter is unlikely, because�-
conotoxin GVIA reduced breathing, suggesting that at least
N-type channels are present. AMPA, which is known to elicit
SD in the adult cerebral cortex[15] and in the chicken retina
[7], barely elicited SD in the immature brainstem. At the same
age when AMPA in the immature cerebral cortex was able to
elicit a typical SD, it failed in the brainstem, though KCl was
effective. Therefore, we conclude that glutamatergic mech-
anisms do not contribute to the generation and propagation
of KCl-induced SD in the brainstem. This is in line with our
previous findings that blockade of NMDA receptors by MK-
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n which VGCCs had been blocked, indicating that eleva
f [K+]e alone is able to generate and propagate singl

17]. In the immature brainstem, KCl elicited only a sing
on-repetitive SD. Therefore, we suggest that VGCCs ar

nvolved in the propagation of KCl-induced SD. Indeed, in
mmature brainstem, application of�-agatoxin IVA and�-
onotoxin GVIA did not prevent generation and propaga
f single KCl-elicited SD. In the adult cortex, acetate-AC
id not reduce the repetition rate of KCl-induced SD and

nhibitory effect of the VGCC blockers. It is unlikely, ther
ore, that the lack of effect of VGCC blockers on brains
D is due to the acetate-ACSF conditioning. The partic
01 or ketamine did not abolish KCl-induced SD wave
he immature brainstem[19].

In summary, as shown in our previous report and in
resent study, the immature rat brainstem is able to gen
D under suitable conditions. This type of SD resembles
henomenology (e.g. amplitudes of transient d.c. shifts
ccompanying elevations in [K+]e, propagation velocity) th
Ds in the cerebral cortex. Since VGCC blockade doe
odulate SDs in the immature brainstem, in this type of ti
oth generation as well as propagation of SD probably

he classical potassium theory of Grafstein[6], whereas in th
erebral cortex glutamate is additionally necessary[21,22].
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