Electrophysiological evidence for a hyperpolarizing,
galanin (1-15)-selective receptor on hippocampal

CA3 pyramidal neurons

Zhi-Qing David Xu**, Xiaosong Ma*, Ursel Soomets*, Ulo Langel*, and Tomas Hokfelt*

*Department of Neuroscience, Karolinska Institute, and *Department of Neurochemistry and Neurotoxicology, Stockholm University, S-171 77 Stockholm,

Sweden
Contributed by Tomas Hokfelt, October 21, 1999

The effects of the 29-amino acid neuropeptide galanin [GAL (1-
29)], GAL(1-15), GAL(1-16), and the GAL subtype 2 receptor agonist
p-tryptophan?-GAL(1-29) were studied in the dorsal hippocampus
in vitro with intracellular recording techniques. GAL(1-15) induced,
in the presence of tetrodotoxin, a dose-dependent hyperpolariza-
tion in hippocampal CA3 neurons. Most of the GAL(1-15)-sensitive
neurons did not respond to GAL(1-29), GAL(1-16), or p-trypto-
phan2-GAL(1-29). These results indicate the presence of a distinct,
yet-to-be cloned GAL(1-15)-selective receptor on CA3 neurons in
the dorsal hippocampus.
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alanin (GAL), a 29-amino acid peptide originally isolated

from porcine intestine (1), has a widespread distribution in
the central nervous system, as shown with both histochemical
and biochemical techniques (2-5). The sequence of GAL is
known in many species and has a remarkable and complete
homology at the N-terminal moiety, GAL(1-15) (reviewed in
ref. 6). Structure activity studies have shown that the N-terminal
portion of GAL is important for recognition by the receptor in
the central nervous system (7, 8). Recently, cDNAs for three
distinct GAL receptors (GALR) have been identified, the
GALR1 (9-11), GALR2 (12-14), and GALR3 (15) receptors,
and they belong to the superfamily of seven transmembrane,
G-protein-linked receptors (reviewed in refs. 16 and 17). Acti-
vation of GALRs results in opening of K* channels, inhibition
of cAMP synthesis (GALR1 and GALR3; refs. 15 and 18), and
probably activation of phospholipase C (GALR2; ref. 13).

It has been shown that GAL has various effects at the
hippocampal level by using neurochemical and behavioral anal-
yses (reviewed in refs. 19 and 20). Most endogenous GAL in the
hippocampus and dentate gyrus of normal rats is present in
noradrenergic fibers (21-23). Moreover, in the dorsal hippocam-
pus, GALR2 and GALR3 receptor mRNAs have been observed
in granule and pyramidal cells (21, 24-26). However, by using
12I-GAL(1-29) as ligand in autoradiographic studies on rat
brain, a distinct binding was found only in the ventral hippocam-
pus and not over dorsal cortical and hippocampal areas (27-29).
In agreement, it has been reported that GAL(1-29) does not
change the membrane potential when recording intracellularly
from hippocampal CA1l neurons (30). Another electrophysio-
logical study indicates that GAL(1-29) inhibits the expression of
long-term potentiation without any changes in the size of the
evoked synaptic potentials in CAl neurons in guinea pig hip-
pocampal slice preparations (31). Interestingly, Hedlund er al.
(32) have shown strong binding in cortex and the dorsal hip-
pocampus (and striatum) by using '»I-GAL(1-15)-ol as ligand.
In agreement, functional studies show that GAL(1-15), but not
GAL(1-29), has effects in the dorsal hippocampus, suggesting
the presence of GALR subtypes (33).

The functional significance of GAL binding sites that prefer-
entially interact with the truncated peptide GAL(1-15) is not
clear, and their relationship to GALRs in the dorsal hippocam-

pus remains to be defined. In the present study, the effects of the
full-length peptide GAL(1-29), of the two GAL fragments
GAL(1-15) and GAL(1-16), and of the GALR2 ‘“agonist”
D-Trp?-GAL(1-29) (Trp, tryptophan; ref. 13) were studied in the
dorsal hippocampus. For comparison, locus coeruleus (LC)
neurons were also investigated.

Methods

Male Sprague-Dawley rats (200-300 g; Alab, Stockholm) were
used in the experiments. Each rat was decapitated, and the brain
was excised rapidly over a cold plate. Transverse dorsal hip-
pocampal slices (300- to 400-um thick) were prepared with a
Vibratome (Ted Pella, Redding, CA) in ice-cold artificial cere-
brospinal fluid (ACSF), saturated with 95% O,/5% CO,. The
ACSF contained (in mM) 124 NaCl, 2.5 KCI, 1.3 MgSOy, 1.24
NaH,POy, 2.4 CaCl,, 25 NaHCO3;, and 10 glucose. Horizontal
slices including LC were prepared as described above and
elsewhere (34). The LC could be easily identified in the tran-
silluminated slice as a dark oval area on the lateral edge of the
fourth ventricle. Slices were then transferred to a submerged
chamber perfused with oxygenated ACSF at 35-37°C.

Conventional intracellular recordings were made from dorsal
hippocampal CA3 pyramidal neurons and LC neurons with
sharp microelectrodes filled with 2 M potassium chloride (dc
resistance between 55 and 80 M()). Neurons were routinely held
near their resting membrane potential.

GAL(1-29), GAL(1-16), and D-Trp>-GAL(1-29), a GAL-R2
agonist, were from Bachem. GAL(1-15) was synthesized as
C-terminally free carboxylic acid as described (35). Tetrodotoxin
(TTX) was from Sigma. GAL(1-15), GAL(1-16), and GAL(1-
29) were dissolved in ACSF as stock solution (1073 M, calculated
on the basis of purity of the peptide) and stored at —70°C in
aliquot vials. Drugs were dissolved in warmed, oxygenated ACSF
just before use and applied either via bath perfusion or by turning
a three-way valve that switched from ACSF to the test solution.
All data were stored on a PC for on-line and off-line analysis with
AXOTAPE, AXOGRAPH, and PCLAMP software (all from Axon
Instruments, Foster City, CA). All data are from preparations
that showed significant recovery on washout (except where
indicated). The data are expressed as means = SEM. Statistical
comparisons were performed by using Student’s ¢ test, and
statistical differences were considered significant at P = 0.05.

Results

Effects on Hippocampal CA3 Neurons. Bath application of GAL(1-
15) (10-1,000 nM) evoked a reversible membrane hyperpolar-
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subtype n; LC, locus coeruleus; Trp, tryptophan; TTX, tetrodotoxin.
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Fig. 1. GAL(1-15)-induced hyperpolarization of a CA3 neuron. Bath appli-
cation of GAL(1-15) induces hyperpolarization, accompanied by a slight de-
crease in membrane resistance (Top), and the same concentration of GAL(1-
16) induces hyperpolarization with a smaller amplitude (Middle), whereas
GAL(1-29) does not have any effects on the same neuron, even with a higher
concentration (Bottom). The resting potential was —68 mV.

|12 mV

30 s

ization (1-20 mV) (Fig. 1) and inhibition of spike discharge in 24
of 51 tested neurons (Table 1). When tested on individual
neurons, the effects of GAL(1-15) were dose-dependent (Fig. 2
A and B). The time required for full recovery was variable (2-15
min; see Figs. 1-4), suggesting involvement of a long-lived
second messenger or messengers in mediating the effects of
GAL. Based on changes in the size of the voltage responses seen
after brief (30-ms), repetitive hyperpolarizing current pulses of
constant amplitude, the hyperpolarizing responses to GAL(1-
15) (n = 12) were accompanied by increases in mean membrane
conductance (23 £ 5%; Fig. 1). This change in input conduc-
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Fig.2. (A) Dose-dependent GAL(1-15)-induced hyperpolarization. The rest-

ing potential was —70 mV. (B) Dose-response curve for CA3 neurons to
GAL(1-15). The amplitude of the hyperpolarization was plotted as a function
of the logarithmic concentration of GAL(1-15) applied by superfusion.

tance was not attributable to the membrane hyperpolarization
alone, because a decrease in input resistance still occurred when
the membrane potential was held constant during the application
of GAL(1-15) (n = 5). The effect was identical, regardless of
whether the intracellular electrode contained acetate or chloride
anions. Hyperpolarizing responses and increases in membrane

Table 1. Hyperpolarizing effect of GAL and GAL fragments/analog on hippocampal CA3 and

LC neurons

Hippocampal CA3, no. of neurons

LC, no. neurons

No No
GAL fragment/analog Response response Total Response response Total
GAL(1-15) 24 27 51 31 5 36
GAL(1-16) 6 18 24 30 0 30
GAL(1-29) 6 36 40 52 0 52
D-Trp2-GAL(1-29) 5 17 22 — — —
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Fig. 3. D-Trp2-GAL(1-29)- and GAL(1-29)-induced hyperpolarization of a
GAL(1-15)-sensitive CA3 neuron. GAL(1-15) induces hyperpolarization (Top).
The same concentration of b-Trp2-GAL(1-29) (Middle) as well as GAL(1-29)
(Bottom) induces a hyperpolarization with smaller amplitude on the same
neuron. The resting potential was —71 mV.

conductance induced by GAL(1-15) were retained in the pres-
ence of 1 uM TTX (n = 4), suggesting that the receptors
mediating these effects are expressed on the plasma membrane
of CA3 neurons.

Application of GAL(1-16) (Fig. 1), GAL(1-29) (Fig. 3), or the
GALR2-preferring analog D-Trp>-GAL(1-29) (Fig. 3) also
evoked a reversible membrane hyperpolarization and inhibition
of spike discharge in some of the tested neurons. Thus, GAL(1-
16) hyperpolarized 6 of 24 tested neurons (Table 1). GAL(1-29)
caused hyperpolarization but in fewer neurons (6 of 40) (Table
1), and the effect was weaker (Fig. 3). D-Trp>-GAL(1-29)
affected 5 of 22 tested neurons (Table 1). All GAL(1-16)-,
GAL(1-29)-, and D-Trp>-GAL(1-29)-sensitive neurons re-
sponded to GAL(1-15) (Figs. 1 and 3). However, most of the
GAL(1-15)-sensitive neurons did not respond to GAL(1-29)
(Fig. 1), GAL(1-16), or D-Trp>-GAL(1-29) (Fig. 4). Thus,
GAL(1-29) induced a hyperpolarization only in 6 of 16 GAL(1-
15)-sensitive neurons (Fig. 3). GAL(1-16) hyperpolarized 6 of 14
GAL(1-15)-sensitive neurons (Fig. 1), whereas D-Trp?>-GAL(1-
29) affected 5 of 14 GAL(1-15)-sensitive neurons (Fig. 3).
GAL(1-16) caused a hyperpolarization in all four tested
GAL(1-29)-sensitive neurons. However, GAL(1-29) affected
three GAL(1-16)-sensitive neurons but not the other two (Fig.
1). GAL(1-29), GAL(1-16), and D-Trp>-GAL(1-29) had no
effect on those neurons that did not respond to GAL(1-15).

Effects on LC Neurons. Bath applications of GAL(1-15) inhibited
the spontaneous firing and hyperpolarized 32 of 36 tested LC
neurons (Fig. 5). The GAL(1-15)-induced hyperpolarization
was fully reversible and lasted 1-8 min in most neurons. GAL(1-
15) induced hyperpolarization in LC neurons exposed to ACSF
containing TTX (n = 4).
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Fig. 4. Action of GAL(1-16) and p-Trp2-GAL(1-29) on a GAL(1-15)-sensitive
CA3 neuron. Bath application of GAL(1-15) induces hyperpolarization (Top),
but neither GAL(1-16) (Middle) nor b-Trp2-GAL(1-29) (Bottom) has an effect
onthe same neuron, even at a higher concentration. The resting potential was
=70 mV.

Bath application of GAL(1-29) induced hyperpolarization in
all GAL(1-15)-tested neurons (n = 36) as described (36), and
also GAL(1-16) caused hyperpolarization in all 36 GAL(1-15)-
tested neurons. The response of all these three compounds was
dose-dependent (Fig. 5). However, in contrast to the results
obtained in the dorsal hippocampus, GAL(1-16) and GAL(1-
29) even more so had, on a molar basis, a stronger effect than
GAL(1-15).

Discussion

The present results provide electrophysiological evidence for a
distinct, yet-to-be cloned GAL-like receptor that is GAL(1-15)
selective. Thus, GAL(1-15), in the presence of TTX, induces
hyperpolarization in dorsal hippocampal CA3 neurons, suggest-
ing the presence of a postsynaptic GALR on these pyramidal
cells. This finding is in agreement with previous autoradio-
graphic and pharmacological/functional studies describing
binding and effects of GAL(1-15)-0l/GAL(1-15) in the hip-
pocampus (32, 33).

The effects of GAL on the membrane properties of hippocam-
pal neurons were first studied by Dutar et al. (30), who reported
that bath application of GAL(1-29) caused only a slight hyper-
polarization of CA1 neurons in the ventral hippocampus without
an obvious change in membrane resistance. However, GAL(1-
29) strongly reduced an atropine-sensitive, long-lasting depolar-
ization evoked by train stimulation (30). These results indicate a
presynaptic action of GAL on acetylcholine-releasing nerve
terminals synapsing on CAl neurons. The results agree with
autoradiographic studies that suggest a presynaptic localization
of GAL(1-29) binding sites in the ventral hippocampus and with
the demonstration of GAL(1-29)-induced inhibition of acetyl-
choline release (37). It has also been reported that GAL
specifically blocks the expression of long-term potentiation in
CA1 neurons in guinea pig hippocampal slices (31). Moreover,
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Fig.5. (A) Dose-response effect of GAL(1-15), GAL(1-16), and GAL(1-29) on
the same LC neuron. Note that GAL(1-15) (Top) has a distinctly weaker effect
than GAL(1-16) (Middle) and GAL(1-29) (Bottom), causing hardly any hyper-
polarization (Top Right). The resting potential was —60 mV throughout. (B)
Dose-response curves for LC neurons to GAL(1-15) (open circles), GAL(1-16)
(filled circles), and GAL(1-29) (filled triangles). The order of sensitivity is
GAL(1-29) > GAL(1-16) > GAL(1-15).

several behavioral studies that used various in vivo models have
shown inhibitory effects of GAL in memory and learning tests
(reviewed in refs. 19 and 20).

In the present study, GAL(1-29) and two GAL fragments,
GAL(1-15) and GAL(1-16), were tested on dorsal hippocampal
CA3 pyramidal cells, whereby many neurons responded to
GAL(1-15) but fewer responded to GAL(1-16) and GAL(1-
29). A distinct, TTX-resistant hyperpolarization was observed,
suggesting that GAL(1-15) has a direct effect on CA3 neurons
via a postsynaptic GALR. It has been reported that there is a
binding site for GAL(1-15)-ol in the dorsal hippocampus (and
in cortex and striatum; ref. 32), regions where very little GAL(1-
29) binding could be detected (27-29). Moreover, GAL(1-15),

14586 | www.pnas.org

but not GAL(1-29), produces an increase in the Kp value of the
5-HT;a agonist (°H)8-OH-2-(di-n-propylamino)-tetralin, thus
reducing the affinity of 5-HT 4 receptors (33). This effect in the
dorsal hippocampus does not seem to be related to inhibition of
adenylyl cyclase (38), in contrast to the effect of GAL(1-29) and
GAL(1-15) in other brain regions (38—41). Taken together, the
results suggest that there is a cortical /hippocampal GAL(1-
15)-selective receptor that does not bind GAL(1-29). Such a
receptor may also be present in the periphery (42-45). A
previous study indicated that the potency of GAL analogs
decreases substantially after the removal of the histidine in
position 16 (46). On the other hand, as shown here and in other
studies (33, 38, 42-45), removal of this amino acid substantially
increases potency in the dorsal hippocampal CA3 neuron prep-
aration. Thus, position 16 in GAL(1-29) may be critical for the
GAL subtype receptors.

Until now, three GALR subtypes, GALR1 (9-11), GALR2
(12-14), and GALRS3 (15), have been cloned. In situ hybridization
studies have reported that GALR2 and GALR3 mRNAs are
expressed in the hippocampal CA1-CA3 fields and the granule cell
layer (21, 24-26), indicating a possible presence of postsynaptically
located GALRs in the two major cell systems in the hippocampal
formation. However, binding studies on GALRs expressed in cell
lines show that all three subtypes of GALRs, including GALRI,
which has not been found in the dorsal hippocampus (11, 26, 47),
bind GAL(1-29) with high affinity (18, 48). In the present study, it
is striking that we observed a subpopulation of cells that responded
only to GAL(1-15) but not to GAL(1-29) or GAL(1-16). More-
over, D-Trp>-GAL(1-29), a GALR?2 agonist (13), did not have any
effect on some GAL(1-15)-sensitive neurons. This result suggests
that the GAL(1-15)-selective binding site is unlikely to be identical
to any of the three cloned receptors but rather represents a distinct
GALR subtype. It should be noted that GAL(1-29) and GAL(1-
16) also induced hyperpolarization in CA3 neurons, albeit in fewer
neurons, and that these neurons also responded to GAL(1-15).
This result indicates a possible overlap in function of multiple
receptors and the possibility that several GALRs may be colocal-
ized in certain CA3 neurons.

The inhibitory actions of GAL(1-15) were identical whether
or not the intracellular electrode contained chloride ions. The
effects of this peptide, therefore, presumably do not involve
chloride-permeable channels. Because hyperpolarizing re-
sponses were associated with an increase in membrane conduc-
tance, it is likely that a component of the GAL-mediated
hyperpolarization resulted from activation of K* channels. GAL
has previously been reported to increase K* conductance in
central neurons (21, 36, 49, 50) as well as in endocrine cells (51,
52) and autonomic neurons (53). The nature of the K* conduc-
tance presumably involved in mediating the effects of GAL(1-
15) in hippocampus remains to be established.

It has been reported that GAL induces a decrease in firing rate
and a hyperpolarization of LC neurons in slice preparations (11, 49,
54,55). In the present study, GAL(1-15), GAL(1-16), and GAL(1-
29) induced hyperpolarization of LC neurons. Expression of mR-
NAs of both GALR1 and GALR2 in LC neurons has been reported
(11, 26). In contrast to the results in the hippocampus, GAL(1-16)
and GAL(1-29) affected all tested LC neurons, whereas GAL(1-
15) caused a hyperpolarization in 31 of 36 tested neurons and had
the weakest effect among the tested peptides. These data show that
the GALR or GALRs present in LC neurons bind GAL(1-29) with
a higher affinity than GAL(1-15) and that some LC neurons
respond only to GAL(1-29) and GAL(1-16) and not GAL(1-15).
The putative distinct receptor subtype sensitive to GAL(1-15) may
therefore not be expressed in LC neurons.

GAL coexists with noradrenaline in a large proportion (about
80%) of the neurons in the LC (56, 57). We have proposed that
GAL(1-29) released from LC cell somata/dendrites may act on

Xu et al.



postsynaptic (auto)receptors, which bind GAL(1-29) with high
affinity (21, 36). A previous study has shown that, in the dorsal
hippocampal formation, GAL is present in detectable concen-
trations in noradrenergic nerve endings originating in LC (21).
To what extent GAL(1-29) can be processed to GAL(1-15)
inside or outside the GAL/noradrenaline terminals in the dorsal
hippocampus to act on a putative GAL(1-15) receptor on CA3
pyramidal neurons remains to be determined. Previous work has
shown that prolonged burst-type stimulation of the locus coer-
uleus, which should particularly effectively release coexisting
neuropeptides (58), causes a prolonged, reserpine-resistant in-
hibition of midbrain dopamine neurons with noradrenergic input
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