from the middle of intron 47 to the 5’ splice
site of intron 48 (Fig. 4). The deletion
eliminates the whole of exon 48 and, conse-
quently, 36 amino acids (residues 964 to
999) of the type II triple helical domain. We
therefore conclude that, based on the identi-
ty of the affected gene product, the nature of
the mutation, and its mendelian segregation
with the SED phenotype, the COL2A1
deletion is the genetic lesion responsible for
this particular case of dwarfism.

No biochemical data on the cartilage of
this family are available; therefore, we can
speculate about the metabolic consequences
of the deletion only by analogy to similar
mutations in the homotrimeric type III col-
lagen (13). The loss of exon 48 does not
alter the reading frame of mRNA or the
ability of the shortened chains to participate
in trimer assembly. As a result of random
assortment, equal proportions (one-eighth)
of the type II procollagen molecules will be
homotrimers composed of either three nor-
mal length or three shortened collagen
chains. Both of these molecules are expected
to have normal stability and to be efficiently
secreted (13). The remaining proportion of
procollagen trimers (three-fourths) are likely
to be overmodified, unstable, and excluded
from secretion since they will consist of both
normal and shortened chains (13).
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A Pertussis Toxin—Sensitive G Protein in
Hippocampal Long-Term Potentiation

JoaANNE W. GOH* AND PETER S. PENNEFATHER

High-frequency (tetanic) stimulation of presynaptic nerve tracts in the hippocampal
region of the brain can lead to long-term synaptic potentiation (LTP). Pertussis toxin
prevented the development of tetanus-induced LTP in the stratum radiatum—CAl
synaptic system of rat hippocampal slices, indicating that a guanosine triphosphate—
binding protein (G protein) may be required for the initiation of LTP. This G protein
may be located at a site distinct from the postsynaptic neuron (that is, in presynaptic
terminals or glial cells) since maximal activation of CAl neuronal G proteins by
intracellular injection of guanosine-5'-O-(3-thiotriphosphate), a nonhydrolyzable
analog of guanosine 5'-triphosphate, did not occlude LTP.

ONG-TERM POTENTIATION (LTP) 18

a simple form of synaptic plasticity

which may be an underlying event in
learning and memory (1). Protein phospho-
rylation mediated by protein kinase C
(PKC) has been implicated in the induction
and maintenance of LTP (2-4), but the steps
leading to PKC activation during and after
the induction of LTP are unclear. Activation
of PKC can be regulated by neurohumoral
receptors that activate certain types of G
proteins. These G proteins regulate activity
of the enzyme phospholipase C (PLC), and
in this way control the production of dia-
cylglycerol. Diacylglycerol promotes the
translocation of PKC from a soluble form to
a more active membrane-bound form (5).
Tetanic stimulation of presynaptic nerve
tracts may lead to activation of G protein—
linked receptors and PLC, giving rise to an
increase in diacylglycerol production and
subsequent translocation and activation of
PKC.

Pertussis toxin (PT) is the causative agent
in pertussis vaccine encephalopathy. This
syndrome is associated with major distur-
bances in learning and neuronal develop-
ment (6). Certain G proteins, including
some that couple neurohumoral receptors to
PLC activation (7), become functionally un-
coupled from receptors after treatment with
PT. We now report the effects of PT on
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*To whom correspondence should be addressed.

LTP. We studied the stratum radiatum—
CAl synaptic system of transversely sec-
tioned rat hippocampal slices maintained in
an in vitro tissue slice chamber (8). The PT
was stereotaxically injected at two sites di-
rectly over the right hippocampus 2 to 4
days before the preparation of brain slices
(8). Sham controls were injected with the
vehicle alone. In some experiments brain
slices from the contralateral hippocampus
were used as controls. As there were no
significant differences between results ob-
tained with the two groups of control slices,
the control data were pooled.
Tetanus-induced LTP of the stratum ra-
diatum—CA1 population spike was absent in
slices obtained from rats injected intracere-
brally with PT (3 to 4 ug) 3 to 4 days
beforehand (Fig. 1 and Table 1). However,
LTP could be induced in slices taken 2 days
after PT injection (Table 1). This observa-
tion is consistent with the suggestion that
the activity of PT is dependent on a relative-
ly slow uptake process, which is followed by
intracellular release of the active A promoter
(9). Thus, the minimum time required for
PT to exert its effects appears to be 2 days.
The PT-induced uncoupling of G pro-
teins from their receptors abolishes hippo-
campal neuronal responses to baclofen (10),
an agonist of the B subtype of the y-amino-
butyric acid (GABAg) receptor. By moni-
toring the effect of baclofen in controls and
slices obtained from PT-treated rats, we
ascertained whether PT was indeed uncou-
pling G proteins and receptors. Baclofen (10
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pM) inhibited the population spike in con-
trol slices, but this effect was significantly
reduced in slices obtained at 3 and 4 days
after PT injection (Fig. 1 and Table 1). This
observation indicates that the protocol of
intracerebral injection is adequate for un-
coupling G proteins from GABAg recep-
tors. Presumably, other PT-sensitive G pro-
teins in the slice are similarly affected. There
seems to be good agreement between antag-
onism of the baclofen response and blockade
of LTP development by PT treatment (Fig.
1 and Table 1), suggesting that induction or
expression of LTP requires activation of a
PT-sensitive G protein.

Treatment with PT had no effect on the
increase in the population spike induced by
direct activation of PKC. Direct PKC activa-
tion can be achieved by exposure to tumor-
promoting phorbol esters, which act as ago-
nists at the diacylglycerol binding site on
PKC (11). In five slices obtained at 3 or 4
days after PT injection, the population spike
was increased to 203 = 31% (mean *
SEM) of control (measured at 30 min after
termination of the drug application) by a
30-min application of the phorbol ester 4p-
phorbol-12,13-diacetate (PDA) at a concen-
tration of 5 pM. This potentiation occurred
despite the fact that tetanus-induced LTP

Table 1. Effect of pertussis toxin on LTP and baclofen-induced inhibition of the population spike. All
values are mean + SEM. Tetanic stimulation was at 200 Hz for 2 s.

Stratum radiatum—CAl population
spike (% of control)

Treatment Baclofen Time after tetanic stimulation
ac 10 uM 10 min 30 min
3 and 4 days after vehicle injection 136 278 + 49% 271 £ 39*
(n=11) (n=11) (n=11)
2 days after PT injection 85 238 + 441 219 + 47t
(n="5) (n=5) (n="5)
3 days after PT injection 58 + 4% 131 + 15% 107 £ 11
(n="9) (n=9) (n=9)
4 days after PT injection 48 = 9% 128 = 16 115 £ 11
(n=06) (n=06) (n=06)

*P < 0.005; significantly different from control values before tetanus (paired ¢ test).
different from control values before tetanus (paired ¢ test).

TP < 0.05; significantly
1P < 0.01; signiﬁcandy different from control values

obtained at 3 and 4 days after vehicle injection (two sample ¢ test by determinations from one-way analysis of variance).

10 min after
baclofen

Baclofen

Control at 10 um

A

i

New
control

30 min
after tetanus

10 min after
tetanus

ERREE)

NN,

10 ms

Fig. 1. Effect of pertussis toxin (PT) on baclofen-induced inhibition and long-term potentiation of the
population spike. (A) Records of responses in a control slice obtained 3 days after stereotaxic injections
of vehicle alone containing no PT. Second record was taken at 2 min during baclofen (10 pM)
application. Application of the drug was terminated immediately after record was obtained. After
recovery from baclofen, a new control was established by decreasing stimulus intensity (fourth trace). A
tetanic stimulation of 200 Hz for 2 s at twice the control stimulus intensity was delivered to the stratum
radiatum input when controls were stable for at least 15 min, and the response was monitored for a
further 30 min. (B) Records obtained in a slice from a PT-injected rat. Experimental protocol was the
same as in (A). Each record is an average of five consecutive sweeps.
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could not be elicited in the same slices
before PDA application.

To investigate the locus of the G protein
required for LTP, we injected guanosine-5'-
O-(3-thiotriphosphate) (GTPvS), a nonhy-
drolyzable guanosine 5'-triphosphate (GTP)
analog, directly into CAl neurons. This
should result in an irreversible activation of
postsynaptic G proteins. Again, a response
mediated by GABAg receptors was used as
an index of G protein activity. For this set of
experiments, however, LTP and baclofen
responses were monitored in a single cell by
intracellular recording methods (8).

Baclofen (50 pM) application to the slice
produced a hyperpolarization of the CAl
neuronal membrane and a decrease in input
resistance that was reversible over several
minutes (Fig. 2A). This observation is con-
sistent with the results of Andrade et al. (10).
When GTPyS (10 mM) was included in the
filling solution of the recording micropi-
pette, the same dose of baclofen gradually
lost its ability to produce the above effects
(Fig. 2A). Occlusion of the baclofen-in-
duced hyperpolarization, which suggests a
complete activation of G proteins normally
coupled to GABAGg receptors, occurred after
20 to 60 min and was not dependent on the
frequency of agonist application. Develop-
ment of occlusion of the GABAg response
was accompanied by a gradual hyperpolari-
zation of the membrane and a decrease in
input resistance. There was good agreement
in each cell between the time after impale-
ment required for stabilization of the mem-
brane potential and input resistance of the
cell and complete occlusion of the baclofen
response. This delay presumably reflects the
time required for GTPyS to diffuse out of
the tip of the recording electrode, equili-
brate with the cell contents, and activate G
proteins. Newberry and Nicoll (12) have
demonstrated that GABAg receptors are
located mainly in the dendritic zone of CAl
pyramidal neurons. Therefore, occlusion of
the baclofen-induced response by GTPyS
suggests that the nucleotide is reaching the
dendritic postsynaptic membrane involved
in generating excitatory postsynaptic poten-
tials (EPSPs) evoked by stratum radiatum
stimulation.

Despite the occlusion by GTPyS of the
postsynaptic effects of baclofen, the EPSP
was still suppressed by application of the
GABAg agonist (Fig. 2B). Baclofen (50
uM) reduced the EPSP amplitude to
16 = 3% (mean £ SEM, n = 9) in control
cells and to 20 = 3% (n = 14) in cells load-
ed with GTPvS. The postsynaptic hyperpo-
larization produced by baclofen in these two
groups of cells was —6.0 = 0.5 mV (mean
+ SEM, n=13)and —0.5 £ 0.2 mV (n =
15), respectively. Therefore, when the post-
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Control

Baclofen

LTP

Control

Fig. 2. Effect of intracel-
lular loading of GTPvyS
on baclofen-induced re-
sponses and LTP in CAl
neurons. (A) The CAl
neuronal response to a
1-min application of
baclofen (50 wM, bar) in
a control cell with a 3M
KCl recording electrode
(top) and a cell impaled
with a 3M KCl electrode
containing GTPyS (10
mM) (bottom). Com-
plete occlusion of the

5mV
80 ms

baclofen response in the latter cell took 30 min. (B) After sufficient GTPyS loading to completely
occlude the postsynaptic hyperpolarization and decrease in input resistance produced by baclofen, the
response of the EPSP to baclofen (top) and tetanus-induced LTP (bottom) was monitored. Both top
and bottom records were from the same cell. The control EPSP in the bottom record was obtained at 15
min after baclofen application. A tetanic stimulation of 200 Hz for 2 s at twice the control stimulus
strength was delivered to the stratum radiatum input and the response monitored for an additional 60
min. A 100-ms, —0.3-nA current pulse was delivered through the recording electrode in both (A) and
(B) to monitor input resistance. Each EPSP record in (B) 1s an average of five consecutive traces.

synaptic response was fully occluded, sup-
pression of EPSP amplitude through activa-
tion of presynaptic GABAg receptors did
not differ to a statistically significant extent
from normal. Thus, the postsynaptic injec-
tion of GTPyS had little, if any, effect on
presynaptic G proteins.

Activation of G proteins in the postsynap-
tic CA1 neuron by GTPvS did not occlude
the expression of LTP induced by tetanic
stimulation of the stratum radiatum input
(Figs. 2B and 3). It seems unlikely, there-
fore, that G proteins involved in LTP are
present in the postsynaptic neuron.

A difference in early potentiation (<10
min after tetanus) was seen between the
GTPyS-loaded and control cells, in that
control cells exhibited early potentiation
whereas GTPyS-treated cells did not (Fig.
3). The potentiation of synaptic responses
seen after tetanic stimulation of an input is
thought to consist of at least two different
NMDA (N-methyl-p-aspartate) receptor—
dependent components (13). Induction of
the early transient component is not sensi-
tive to PKC inhibitors (13). Induction of the
long-lasting  sustained enhancement is
blocked by these compounds. An occlusion
or an inhibition of the early potentiation
may occur as a result of the GTP+S loading,
suggesting that a postsynaptic G protein—
dependent pathway can influence the initial
PKC-independent potentiation of EPSPs.
This G protein may, however, be PT-insen-
sitive, since brain slices that did not exhibit
LTP because of PT pretreatment still
showed a transient potentiation lasting a few
minutes after the tetanic stimulation. Load-
ing the postsynaptic neuron with GTPyS
was also associated with a reduction of
EPSP amplitude of 31 +4% (mean *
SEM, n = 8). It is likely, therefore, that the
postsynaptic pathway that is activated by

982

GTP+S is inhibiting the early potentiation
rather than occluding it.

Our results provide evidence that activa-
tion of a G protein, which is not located in
the postsynaptic neuron, is required for the
development of LTP; this G protein will be
referred to as Gyrp for convenience. Given
the evidence that PKC activation may be
responsible for LTP and that PT-sensitive G
proteins can regulate PKC activity, we sug-
gest that G p mediates activation of PKC.
In this scheme, our results suggest that
activation of PKC occurs at a site distinct
from the postsynaptic neuron. Current evi-
dence is not inconsistent with this possibili-

Phorbol esters, which are activators of
PKC (11), produce a potentiation of the
synaptic response still evident after their
removal. However, this potentiation is not
maintained for as long as tetanus-induced
LTP (14). It has been proposed (4) that
activation of PKC alone is not sufficient to
maintain LTP, but that phorbol ester—in-
duced potentiation mimics the expression of
LTP. It is possible that LTP is associated
with an uncoupling between regulatory and
catalytic domains of PKC, leading to perma-
nent enzyme activity (4). Activation of PKC
either presynaptically or postsynaptically by
phorbol esters appears to produce changes
resembling LTP (15, 16); however, since
phorbol esters are lipophilic, a localized
application into postsynaptic cells (15) does
not preclude the possibility that the com-
pound could cross cell membranes and tra-
verse the synaptic cleft to gain access to the
presynaptic terminal. This may also be true
for phorbol ester application onto presynap-
tic axons (16). Hu et al. (17) show that
injections of PKC into CAl neurons pro-
duce changes consistent with LTP. The
alterations induced by the postsynaptic in-

jections of PKC, however, may not be medi-
ated by the same mechanisms as LTP, for
the following reasons. (i) High concentra-
tions of PKC are found in the brain, espe-
cially in the hippocampus (18), so further
addition of the enzyme might not be expect-
ed to produce any significant effects. Fur-
thermore, it has been demonstrated that it is
the activated form of PKC that elicits a
potentiation of synaptic transmission (3, 15,
16). In the study of Hu et al. (17), no
activators were administered. (ii) There was
a gradual hyperpolarization of the neuronal
membrane as PKC entered the cell. In con-
trast, membrane potential does not change
during LTP. (iii) Injection of the enzyme
eventually induced the generation of mult-
ple spikes in the neuron in response to
synaptic activation. This is also uncharacter-
istic of LTP, but could be a manifestation of
epileptic discharges. Therefore, studies to
date have not determined conclusively the
site where activation of PKC can lead to an
LTP-like potentiation.

Concurrent postsynaptic depolarization
and presynaptic activation are required for
successful induction of LTP in the CAl
region (19). An elevation of Ca>" in CAl
neurons is sufficient to produce an LTP-like
state (20). It is possible that the “associative”
nature of LTP is mediated by a Ca*-
dependent, G protein—independent release
of a substance from the postsynaptic neu-
ron, which retrogradely diffuses to the pre-
synaptic terminal (21) or other structures
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Fig. 3. Effect of GTP~S loading into CAl neu-
rons on the development of LTP. A tetanic
stimulation (200 Hz for 2 s at twice the control
stimulus intensity) was delivered to the stratum
radiatum input following complete occlusion of
the CAl neuronal response to baclofen. The
EPSP was allowed to recover for at least 15 min
after drug application before the tetanus was

iven. Each point shown represents mean *
SEM. *P < 0.05; significantly different from con-
trol values before tetanus (paired ¢ test).
1P < 0.05; significantly different from control
group (no GTPyS) (unpaired ¢ test). Open circles,
GTP~S; closed circles, control.
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(22) to produce the Gprp-dependent
changes responsible for LTP.

Intracerebroventricular injections of PT
block LTP in mossy fiber—CA3 but not
stratum radiatum—CA1 synapses (23). We
were also unable to counteract LTP in the
CA1 region by ventricular injection of the
toxin (24). The CA3 region of the hippo-
campus in rats is strategically located close
to the lateral ventricle, whereas the CA1 area
is not. Therefore, PT in the ventricle would
have better access to the CA3 region. How-
ever, intracerebral injections of the toxin
directly above the hippocampus, as were
used in this study, localize it in the vicinity
of CA1 neurons. Taken together, our study
and that of Tto et al. (23) suggest a G protein
is involved in LTP in two separate synaptic
systems in the hippocampus. Several differ-
ences have been found between LTP in the
CA1l and CA3 areas. (i) LTP induction is
associative in the CA1l area but not in mossy
fiber—CA3 synapses (25). (ii) NMDA recep-
tor blockade inhibits LTP induction in the
CA1 region but not in the mossy fiber—CA3
system (25, 26). (iii) Intracellular injections
of Ca®* chelators block LTP in the CAl
region but not in the mossy fiber—~CA3
system (20, 27). A role for G proteins in
these two apparently different pathways pro-
vides a common link in the LTP process.
Furthermore, PKC activation by phorbol
ester application can produce a potentiation
of responses in both the stratum radiatum-—
CAl and mossy fiber—CA3 synaptic sys-
tems. There is a good correlation between
the distributions of phorbol ester binding
sites in the brain and G, (28), a G protein
that is inactivated by PT and can regulate
PLC activity (7). Perhaps G, and Gprp are
similar or identical proteins.
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Autonomic Regulation of a Chloride Current in Heart

ROBERT D. HARVEY AND JOSEPH R. HUME

In isolated heart cells, B-adrenergic receptor stimulation induced a background
current that was suppressed by simultaneous muscarinic receptor stimulation. Direct
activation of adenylate cyclase with forskolin also elicited this current, suggesting
regulation by adenosine 3',5’-monophosphate (cAMP). This current could be record-
ed when sodium, calcium, and potassium currents were eliminated by channel
antagonists or by ion substitution. Alteration of the chloride equilibrium potential
produced changes in the reversal potential expected for a chloride current. Activation
of this chloride current modulated action potential duration and altered the resting
membrane potential in a chloride gradient—dependent manner.

N HEART, STIMULATION OF B-ADREN-
ergic receptors activates adenylate cy-
clase, resulting in the production of
cAMP and subsequent protein kinase activa-
tion. This pathway is involved in the regula-
tion of several ionic currents. Furthermore,
the response to B-adrenergic stimulation of
at least two of these, the Ca?* current (Ic,)
(1) and the delayed rectifier K* current (Ik)

Detl‘)damnent of Physiology, University of Nevada School
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(2-4), can be antagonized by acetylcholine
(ACh) acting through muscarinic receptors
(4-5). The transient outward current (I,) is
also enhanced by B-adrenergic stimulation
(6). The I, which rapidly activates during
membrane depolarization and helps repolar-
ize the membrane potential (7), was initially
suggested to be a Cl~ conductance (8) but it
is now believed to be carried predominantly
by K" ions (9). Nevertheless, single CI~
channels with a unitary conductance of 55
pS can be observed in planer lipid bilayers
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