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The pharmacological exploitation of the galanin receptors as drug
targets for treatment of epilepsy, depression, and pain has been
hampered by the lack of workable compounds for medicinal
chemists from random screening of large chemical libraries. The
present work uses the tripeptidomimetic galnon and displays its
presumed pharmacophores on a rigid molecular scaffold. The
scaffold is related to marine natural products and presents three
functional groups near one another in space, in a manner remi-
niscent of a protein surface. An active compound, Galmic, was
identified from a small synthetic library and tested in vitro and in
vivo for its affinity and efficacy at galanin receptors. Galmic has
micromolar affinity for GalR1 receptors (K; = 34.2 uM) and virtually
no affinity for GalR2 receptors. In vitro, Galmic, like galanin,
suppresses long-term potentiation in the dentate gyrus; it blocks
status epilepticus when injected intrahippocampally or adminis-
tered i.p. Galmic applied i.p. shows antidepressant-like effects in
the forced-swim test, and it is a potent inhibitor of flinching
behavior in the inflammatory pain model induced by formalin
injection. These data further implicate brain and spinal cord gala-
nin receptors as drug targets and provide an example of a system-
ically active compound based on a scaffold that mimics protein
surfaces.

G alanin, a 29- to 30-aa-long neuropeptide, has been shown to
affect feeding, cognitive, and sexual behavior and to regu-
late seizure and pain thresholds when applied intraventricularly
(1-3). Galanin actions are mediated through three G protein-
coupled receptors present in the brain and the peripheral
nervous system (4—6). Transgenic mice overexpressing galanin
have much higher seizure thresholds (7), and the galanin recep-
tor 1 (GalR1)™/~ mice have spontaneous seizures, demonstrat-
ing the role of galanin and its receptor in seizure control (8).
Despite the wealth of biological information on galanin signal-
ing, no progress has been made in using the galanin-receptor
subtypes as drug targets. The lack of progress is largely due to
the poor results from random screening at several major phar-
maceutical companies (9). More than 4 million compounds were
screened, but no workable compounds for medicinal chemical
optimization were identified. Both Johnson & Johnson (10) and
Schering have published reports of compounds active at high
micromolar concentrations that had stability problems, as well as
other problems (9). The only nonpeptide galanin receptor ligand
available is galnon, a substance intended to display analogs of the
three major pharmacophores of galanin, Trp-2, Asn-5, and Tyr-9
(11, 12), on a linear, peptide-like backbone. Galnon is a low-
affinity, nonreceptor-subtype-selective agonist that acts at both
GalR1- and GalR2-type receptors (13). Despite its serious
shortcomings, galnon, within a year of its synthesis, was shown
to affect behavioral symptoms and neurochemical correlates in
opiate withdrawal (14), pain (15), and seizure (13) and to exert
antidepressant-like effects in the forced-swim test (X.L., A.M.B.,
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P. Sanna, J. Lucero, J. Laca, B. Conti, M. M. Behrens, D. Hoyer,
G. Bilbe, and T.B., unpublished work).

The present work describes the synthesis and characterization
of a nonpeptide, systemically active, subtype-selective galanin-
receptor agonist. The active compound was obtained from a
mixture of triamides derived from the coupling of amines to the
triacid (Scheme 1). This triacid was inspired by a number of
biologically active and peptide-derived marine natural products
such as Dendroamide C (16-20), macrocycles that contain three
oxazole or thiazole rings linked by trans-amide bonds. The most
favored conformations feature all of the basic oxazole nitrogens
and the hydrogens of the secondary amides directed to the center
of the macrocycle. This self-complementary array of hydrogen-
bond donors and acceptors in the interior of the macrocycle fixes
the molecule’s conformation; the macrocycle is expected to be
rigid and roughly planar. Little space is left within the center of
the structure, and only minimal hydration is expected for the
inwardly directed N-H bonds. Accordingly, the molecule is a
platform that can present three functional groups on the same
face. It serves as the core structure for solution-phase combi-
natorial chemistry.

Materials and Methods

Our premise was that the display of the side chains identified as
active in galanin or those of the nonpeptide galanin-receptor
agonist galnon on a rigid platform should result in recognition
by the receptor GalR1. We coupled mixtures of three to four
amines to the triacid platform (21-23) and obtained small
combinatorial libraries. Active mixtures were obtained (after
deblocking with trifluoroacetic acid) from the following amines:
cyclohexylmethyl amine, 2; fluorenyl amine, 3; and e-tBoc-L-
lysine methyl ester, 4. This mixture (11 compounds) was frac-
tionated by HPLC, and the most active compound (structure 5,
Galmic, or its cyclodiastereomer) was identified by mass spec-
trometry. The individual molecule was prepared by total syn-
thesis, which will be described elsewhere.

Characterization of Galmic. 'H NMR 300 MHz (CDCl;): 9.01 (s,
NH); 8.94 (s, NH); 8.89 (s, NH); 7.97 (s broad, 3H); 7.65 (d,J =
7.5 Hz, 2H); 7.55 (d, J = 7.2 Hz, 1H); 7.42-7.19 (m, 5H); 6.87
(pseudo t, J = 5.4 Hz, 1H); 6.15 (d, J = 8.4 Hz, 1H); 4.55 (m
broad, 1H); 3.61 (s, 3H); 3.38 (s broad, 1H); 3.12 (m, 1H); 2.90
(m, 3H); 2.70 (s, 3H); 2.65 (s, 6H); 2.19 (s, 3H); 2.09 (s, 3H); 2.04
(s, 3H); 2.00-1.28 (m, 14H); 1.20-1.04 (m, 3H); 0.92-0.76 (m,

Abbreviations: DG, dentate gyrus; fEPSP, field excitatory postsynaptic potential; GalR1,
galanin receptor 1; LTP, long-term potentiation; PPF, paired-pulse facilitation; PPS, per-
forant path stimulation; SSSE, self-sustaining status epilepticus.
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Scheme 1. Platform structures that present C3 symmetry. EDCI, 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide; HOBt, hydroxybenzotriazole; DIEA,
N,N-diisopropylethylamine; DMF, dimethylformamide; TFA~, trifluoroac-
etate; Boc, t-butoxycarbonyl.

2H).13C NMR 75 MHz (CDCls): 171.61; 168.81; 167.39; 160.44;
160.41; 160.11; 159.97; 159.17; 156.09; 156.03; 155.91; 143.62;
143.39; 140.50; 140.43; 128.67 (CH); 128.58 (CH); 127.85 (CH);
127.65 (CH); 124.97 (CH); 124.72 (CH); 119.87 (CH); 60.68;
60.45; 59.90; 55.34 (CH); 52.46 (CH3); 52.16 (CH); 46.27 (CH»);
39.55 (CH,); 37.74 (CH); 30.63 (CH>); 26.43 (CH»); 26.23 (CH»);
25.80 (CHy); 21.69 (CHj3); 21.50 (CHs); 21.44 (CH3); 11.89 (3
CHs;). Matrix-assisted laser desorption ionization—Fourier trans-
form MS [M+H]": expected, 989.4510; observed, 989.4508.

Cell Lines and Ligand Binding. Stably transfected Chinese hamster
ovary cells expressing rat GalR2 and Bowes’ melanoma cells that
express human GalR1 were cultivated as described earlier (5, 6).
They were used to determine the affinity of the components of
the chemical library for GalR1 and GalR2 receptors, by using 0.2
nM porcine »I-galanin [2,200 Ci/mmol (1 Ci = 37 GBq);
PerkinElmer] as a tracer. The components of the chemical
library were tested as competitors at concentrations 1078 to 10™#
M. The radioligand binding assay was performed in 150 ul of
binding buffer [SO mM Tris-HCI (pH 7.4)/5 mM MgCl,/0.05%
BSA, supplemented with peptidase and protease inhibitors: 50
uM leupeptin, 100 uM phenylmethanesulfonyl fluoride, and 2
pg/ml aprotinin]. Incubations were carried out at room tem-
perature for 45 min and terminated by rapid vacuum filtration
through glass fiber filters (Packard). The filters were washed
three times and counted in a vy counter. The K; values were
determined with PRISM software (GraphPad, San Diego).

Electrophysiology. The hippocampal slices were prepared from
male C57BL/6 mice (4—6 weeks old). After a 1-h equilibrium
period, a glass micropipette (1-5 ML) filled with artificial
cerebrospinal fluid or NaCl was placed in the outer one-third of
the molecular layer of the inner blade of the dentate gyrus (DG),
and a bipolar tungsten stimulating electrode was placed in the
apex of the DG to activate the lateral perforant pathway
innervating the outer one-third of the molecular layer. The field
potentials were recorded with an AxoClamp 2B (Axon Instru-
ments, Union City, CA) and digitized and processed by using a
Digidata and PCLAMP acquisition software, respectively (both
from Axon Instruments). The stability of the field excitatory
postsynaptic potential (fEPSP) was established by recording
fEPSP responses stimulated at 40-50% of maximum intensity
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(one per min for 15 min). The input—output curve was generated
by stimulating the pathway at three different intensities (thresh-
old, half-maximal, and maximally effective). A series of paired-
pulse facilitation (PPF) experiments at 15-, 30-, 50-, 100-, 200-,
and 500-ms intervals were carried out before and after baseline
fEPSP recordings. The baseline fEPSP recording was conducted
15 min before and 60 min after long-term potentiation (LTP)
induction at 40-50% of the maximal amplitude response. LTP
was induced by two (20-s interval) trains of high-frequency
stimulus at 100 Hz for 1 s at maximally effective stimulus
intensity. Ten to 15 min before LTP induction, DMSO, Galmic
[dissolved in 30% (vol/vol) DMSO], or galanin(1-29) was ap-
plied to the bath at the final concentration of 0.03% for DMSO
and 1 uM for Galmic and galanin(1-29), and the application was
continued until 1 min after high-frequency trains.

The amplitude of the input—output of fEPSP responses was
computed by using CLAMPFIT software (Axon Instruments). The
initial slope of the fEPSP (between the 0% and 50% points) was
calculated and the data were normalized to baseline values.
Student’s ¢ test was used for statistical analysis.

Self-Sustaining Status Epilepticus (SSSE) and Drug Administration.
SSSE was induced in adult male Wistar rats as previously
described (24). Briefly, animals were subjected to 30-min per-
forant path stimulation (PPS) through a stimulating electrode
that had been chronically implanted into the angular bundle of
perforant path by using stimulator model 8800 (Grass Instru-
ments, Quincy, MA) with the following parameters: 10 s of
20-Hz trains of 1-ms, 30-V pulses delivered every minute,
together with the continuous 2-Hz stimulation using the same
parameters. Electrographic activity was acquired through a
recording electrode-guide cannula (Plastics One, Roanoke,
VA), which had been chronically implanted into the DG ipsi-
lateral to PPS, and analyzed off-line by using HARMONIE soft-
ware (Stellate Systems, Montreal) configured for automatic
detection and saving of seizures and spikes. The following
parameters were calculated: SSSE duration, i.e., the time be-
tween the end of PPS and the occurrence of the last seizure; time
in seizures, i.e., cumulative time spent in software-recognized
seizures during SSSE; total number of seizure episodes; and
spike duration, i.e., time of the occurrence of the last electro-
graphic spike. Galmic was dissolved in 50% (vol/vol) DMSO/
saline and was administered into the DG by using an injection
cannula connected to a Hamilton microsyringe and placed into
the lumen of the guide cannula. Galmic was injected during the
induction phase of SSSE, 10 min after the end of PPS, or during
the drug-resistant maintenance phase (25), 60 min after the end
of PPS. Control animals were treated with the vehicle (DMSO).
Each group included four or five animals. In a separate set of
experiments, to test blood-brain permeability, animals received
i.p. injections of Galmic, 10 min after PPS (three animals per
group). Data were analyzed by using one-way ANOVA, with the
Bonferroni post hoc test.

Formalin Test. Male C57BL/6 mice (25-30 g, Harlan—Sprague—
Dawley) were used. To quantify formalin paw-injection-induced
flinching/licking behavior, an automated sensing system was
used (26). Briefly, a C-shaped soft metal band (4.8 mm wide and
8.5 mm long, 0.1 g) was placed on one of the hind paws of an
animal. After acclimation for 30 min, animals were gently
restrained and 20 ul of 2.5% formalin solution was injected s.c.
into the dorsal surface of the banded paw with a 30-gauge needle.
Data collection was initiated after the animal was placed inside
of the test chamber. Nociceptive behavior was quantified by
automatically counting incidences of spontancous flinching/
shaking of the injected paw (26). The flinches were counted over
1-min intervals for 60 min and are presented as total number of
flinches per min or per phase (phase 1, 1-9 min; phase 2, 10-60
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min; phase 2A, 10-40 min; and phase 2B, 41-60 min). The
animals were killed with CO, immediately after the test. Galmic
was dissolved in 30% (vol/vol) DMSO and given i.p. 15 min
before formalin paw injection.

Forced-Swim Test. Animals were randomly assigned to either drug
treatment group. Rats were injected i.p. either with Galmic
(dissolved in 50% DMSO, 15 mg/kg, n = 10) or vehicle (50%
DMSO, n = 7), in a volume of 2 ml/kg. Forty minutes after
injection, animals were subjected to the forced swim test pro-
cedure. Rats were placed singly in a cylindrical glass container
(48 cm tall, 21 cm in diameter) that contained tap water (25 *
1°C) to a depth of 27 cm; this depth was just sufficient for the rat’s
tail to touch the bottom of the container. Each animal was tested
for 10 min. All tests were recorded on videotape and later scored
by an experienced observer who was blind to the experimental
conditions of the animals. The presence of antidepressant ac-
tivity in a drug is inferred from its capacity to increase the
fraction of time spent in active behavior (27).

Open-Field Test Procedure. One week after the forced-swim test,
different groups of rats were tested in the open-field test.
Animals were treated with Galmic (15 mg/kg, i.p., n = 10) or
vehicle (n = 6), as described above; 40 min after injection, rats
were placed in an open-field apparatus. The locomotor activity
over a 5-min period was recorded on videotape. Line-crossing
behavior (defined as at least three paws in a square) was tallied
and compared.

Results

Secondary amides such as peptides are regarded as liabilities in
transport across membranes because their hydration, particu-
larly at the N-H bonds, resists partitioning into hydrophobic
environments. The activity of Galmic compound in vivo was,
therefore, unexpected because it requires transport across mem-
branes including the blood-brain barrier. The secondary amides
that are part of the macrocyclic framework are internally sol-
vated because, at best, a single water molecule can be accom-
modated in the center of the structure. The amides that attach
the side chains to the periphery of the scaffold are also capable
of internal solvation: the NH donors of the peripheral amides are
hindered to external water but can find their complements
internally in the N and O acceptors of the oxazole subunits
through rotations around the bonds indicated.

There is evidence for an a-helical structure of galanin in
trifluoroethanol (28), but little is known about the conformation
of galanin (or, as is the case at hand, of galnon) that is ultimately
recognized by galanin receptors. An ingenious terphenyl scaf-
fold devised by Hamilton and colleagues (29, 30) mimics the
positions of the i, i + 3, and i + 7 side chains in an a-helix. At
first glance, the trioxazole platform does not achieve this pre-
sentation of side chains, but rotations about the bonds indicated
can shorten and lengthen the distances between the side chains.
More importantly, the rigidity of the scaffold ensures that the
three side chains all appear on the same face of the structure. A
calculated structure is shown in Fig. 1.

Receptor Binding. The affinity of Galmic for galanin receptors was
determined by competitive equilibrium binding experiments by
using membranes prepared from GalR1- or GalR2-expressing
cells. Galmic displaces !*I-galanin binding in Bowes cells
(hGalR1) with a K; value of 34.2 uM, whereas in Chinese
hamster ovary-GalR2 cells no competition was observed with up
to 100 uM Galmic. Compared with galnon, the earlier synthetic
galanin receptor nonpeptide ligand, Galmic seems to be more
GalR1 selective but posses lower affinity (Table 1).

10472 | www.pnas.org/cgi/doi/10.1073/pnas.0403802101

Fig. 1. Calculated structure of Galmic. The side chain amides have been
arbitrarily rotated to show the most compact structure. In any conformation,
the side chains appear on the same face of the macrocycle.

Effects of Galmic on the Synaptic Transmission and Plasticity in Mouse
DG. Administration of DMSO (0.03%, n = 6) or Galmic (1 uM,
n = 7) had no significant effect on the fEPSP response of the
upper one-third of the molecular layer in DG after single test
stimuli at threshold, half-maximal, or maximal intensity (data
not shown). Similarly, application of galanin(1-29) (n = 6) had
no significant effect on the input-output curves (data not
shown). In the PPF test, Galmic (1 uM) caused a significant
reduction in the percentage ratio of the fEPSP response of the
second pulse over the first one at 500-ms time interval (¢ test: P <
0.05; data not shown). Administration of galanin(1-29) (1 uM,
n = 6) also exhibited a similar effect on PPF at the same time
interval. On average, application of galanin(1-29) caused 18.3 =
4% reduction (data not shown), and Galmic reduced the PPF
ratio by 15.4 = 4%. The effect of Galmic was evident in six
experiments of seven. The first pulse fEPSP slope was not
affected by galanin(1-29) or Galmic, compared with artificial
cerebrospinal fluid-treated response. The slope of the second
pulse was reduced significantly, by 19.6 = 8% and 14.6 = 5%),
following superfusion of galanin(1-29) or Galmic, respectively (¢
test: P < 0.05). Administration of the 0.03% DMSO used as
vehicle had no significant effect on PPF.

The superfusion of DMSO, Galmic, or galanin(1-29) was
started 10—15 min before high-frequency trains and continued

Table 1. The affinity of Galmic and galnon for galanin receptors

Ki, uM
Ligand Bowes cells (hGalR1) CHO cells (rGalR2)
Galmic 34.2 >100
Galnon 11.7 341

K; values of Galmic and galnon at GalR1 and GalR2 receptors were deter-
mined by displacement of 125|-galanin from membranes prepared from hu-
man Bowes cells (hGalR1) and stably transfected Chinese hamster ovary (CHO)
cells expressing rat GalR2, respectively. '25I-galanin concentration was 0.2 nM,
and Galmic and galnon concentrations were between 1078 M and 1074 M. K;
values were calculated with prism software.

Bartfai et al.
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Fig.2. Effects of Galmic on long-term synaptic plasticity in mouse DG slices.
Administration of Galmic (1 uM) for 10-15 min before LTP induction atten-
uated the early and late phases of LTP, compared with the DMSO-treated
(0.03%) slices. The bar illustrates the duration of the vehicle (DMSO) or drug
administration, and the arrow indicates the time of stimulation with high-
frequency trains (tetanus). The effect of Galmic was significantly different
from the effect of DMSO on slices at 2-6 min and 17-60 min after LTP
induction. Administration of Galmic (1 uM) caused an effect similar to admin-
istration of galanin(1-29) (1 wM) in attenuating the LTP in DG. All values are
mean = SEM (t test: x*x, P < 0.005).

until 1 min after LTP induction. At the concentration of 1 uM,
neither Galmic nor galanin(1-29) affected the baseline record-
ing obtained before LTP induction compared with DMSO-
treated (0.03%) slices (Fig. 2). The level of potentiation was
attenuated after application of Galmic or galanin(1-29) in a
similar pattern. The level of reduction after application of
Galmic was significant at 2-6 min after LTP induction (¢ test:
P < 0.05). Galmic, similar to galanin(1-29), blocked the late
phase of LTP-treated slices and, on average (21-61 min after
LTP induction), caused a 30 = 1% (Galmic) reduction in the
fEPSP slope compared with DMSO-treated slices (¢ test: P <
0.005).

Effects of Galmic in Experimental Status Epilepticus. When injected
into DG 10 min after PPS, Galmic attenuated seizures in a
dose-dependent manner (Fig. 34): anticonvulsant effects ap-
peared at 0.1 nmol, when SSSE duration was between 1 and 2 h,
versus 10-12 h in control, and became stronger as the dose of the
drug was increased to 1 and 5 nmol. At the dose of 5 nmol, the
compound irreversibly abolished seizures within 5-10 min and
spikes within 2 h after administration. At higher dose-ranges (5
and 10 nmol), Galmic was effective in attenuating SSSE during
its maintenance phase (Fig. 3B). Injection of the compound at 10
nM significantly shortened SSSE duration (4-5 h), attenuated its
severity (time spent in seizures 20—40 min), and shortened the
duration of spikes (under 8 h versus 24 h in controls). Intraperi-
toneal administration of Galmic at the dose of 2 mg/kg 10 min
after PPS significantly attenuated self-sustaining seizures,
whereas the 1 mg/kg i.p. dose was without effect (Fig. 3C).

Effects of Galmic in Inflammatory Pain Model. After an injection of
20 wl of 2.5% formalin into the paw, mice displayed two phases
of flinching behavior. Phase 1 started with initial intense flinches
occurring 1-2 min after injection, followed by a rapid decline at
5-6 min. Phase 2 began after 15-20 min, with the maximal
response typically observed around 25-30 min after the formalin
injection (Fig. 4). Injection of Galmic into mice (2.45-9.8
pmol/kg) produced a dose-dependent inhibition on both phase
1 and phase 2 (Fig. 4). The EDsg value (pumol/kg, 95% confi-
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Fig.3. Effects of Galmic on SSSE. Galmic was injected into the DG ipsilateral
to the stimulation site at 10 min (A) or 60 min (B) after PPS. Dose (in nanomoles)
is indicated in the legend to the right of the graphs. SE, status epilepticus. (C)
Intraperitoneal administration of Galmic 10 min after PPS attenuated SSSE at
2mg/kg, but not at 1 mg/kg. *, P < 0.05 versus control, one-way ANOVA plus
Bonferroni t test.

dence interval) of inhibitory effects of Galmic on phase 1 was 2.9
(2.1-4.1) and on phase 2 was 3.7 (2.6-5.2). Galmic up to the
highest doses (9.8 umol/kg i.p.) did not produce abnormal
sensory or motor functions in these animals. Additionally,
Galmic produced antinociceptive effects in the rat formalin test
with a similar potency as in mouse. In contrast, galnon at
equivalent doses had no effect in this test (data not shown).

Effects of Galmic in Forced-Swim Test and Open-Field Test. In the
forced-swim test, during the first 2 min vehicle-treated rats
initially displayed high levels of activity, followed by prolonged
periods of immobility interspersed with intermittent short bouts
of activity. By contrast, animals treated with Galmic (15 mg/kg
i.p.) exhibited a large (55%) increase in activity in the test,
similar to other antidepressant compounds (31) and thus con-
sistent with the hypothesis that Galmic displays antidepressant-
like properties. The difference in time spent active between the
two groups was highly significant (15 = 3.19, P = 0.006) (Fig. 5).
These results are consistent with our observation that galnon
produces dose-dependent increases in activity in the forced-swim
test (X.L., AM.B., P. Sanna, J. Lucero, J. Laca, B. Conti, M. M.
Behrens, D. Hoyer, G. Bilbe, and T.B., unpublished work).

In the open-field test, vehicle-treated rats displayed typical
thigmotaxic behavior, in which locomotor activity was largely
confined to the walled perimeter of the arena and relatively little
time was spent in the center. Galmic-treated (15 mg/kg) rats
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Fig.4. Effects of Galmic on formalin-induced flinching. (A) Time course over
60 min of flinch responses after formalin paw injection in mice with i.p.
injection of Galmic (9.8 umol/kg, n = 5) or vehicle (30% DMSO, 10 ul, n = 8).
Each point represents the number of flinches per min. (B) Histograms repre-
senting the dose-response effects of Galmic (doses in umol/kg indicated in
brackets, n = 5 each dose) on formalin test phase 1 and phase 2 flinching
behavior of mice. The bars represent the total number of flinches in each
phase: Ph-1, 1-9 min; Ph-ll, 10-60 min; Ph-IlA, 10-40 min; and Ph-1IB, 41-60
min. The data are expressed as mean = SEM. *, P < 0.05 versus the vehicle
group, one-way ANOVA followed by Dunnett’s tests.

exhibited a similar pattern of behavior, although total levels of
activity (measured as the number of squares crossed) was
reduced by more than half, a highly significant effect (¢14 = 3.66,
P =0.003) (Fig. 5).

Discussion

Finding nonpeptide, systemically active, small ligands that act as
agonists at neuropeptide receptors is a difficult task, and, were
it not for the example of morphine, many would have given up.
The approaches that lead to the development of neuropeptide
antagonists have used random screening of large chemical
libraries to find molecules that bind to the neuropeptide recep-
tor, followed by painstaking medicinal chemistry work to im-
prove affinity and selectivity and to afford proper pharmacoki-
netic and metabolic properties. This process requires that there
be some compounds in the library that bind with micromolar or
better affinity to the neuropeptide receptor. Such “hits” have not
been easy to find for the galanin receptors (9), and the two
low-affinity compounds that were found were not chemically
tractable. Although most neuropeptide-receptor ligands that
have reached clinical use are antagonists (32), some neuropep-
tide-receptor agonists have been developed from peptidomimet-
ics, most often for cyclic peptide ligands such as somatostatin-
receptor agonists (33). In the case of galanin receptors, a
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Fig. 5. Effects of treatment of rats with Galmic and vehicle (DMSO) in
forced-swim and open-field tests. (Right) Activity was measured during a
10-min forced-swim test at 40 min after injection. Animals treated with Galmic
(15 mg/kg i.p.) showed a significant increase in activity, compared with those
treated with vehicle (50% DMSO), consistent with an antidepressant-like
profile. (Left) Galmic (15 mg/kg i.p.) and vehicle were administered in the
open-field test. Galmic significantly reduced locomotor activity in this task
compared with vehicle-treated animals, without any obvious signs of seda-
tion. Values represent group means (=SEM). Independent means t test: *, P <
0.01 versus control.

tripeptide mimetic library based on the pharmacophores of
galanin yielded the compound galnon, which, despite its low
affinity and poor receptor-subtype selectivity, has rapidly be-
come a tool in our studies on the role of galanin in seizures,
cognition, pain, feeding, and opiate withdrawal (13-15).

The present paper describes the structure of Galmic (Scheme
1), which, despite its high molecular weight (984), penetrates the
blood-brain barrier reasonably quickly, as evidenced by its
effects in suppressing status epilepticus after i.p. injection of a 2
mg/kg dose (Fig. 3C). Under conditions of intrahippocampal
administration, Galmic was 6- to 7-fold more potent than galnon
(13) in inhibiting SSSE. Similarly, systemically administered
Galmic has potent behavioral effects in the forced-swim test,
where it exhibits antidepressant-like activity at 15 mg/kg i.p.
dose (Fig. 4). Its effects are clearly observable within 40 min of
the i.p. injection. The penetration of Galmic into the brain may
be passive or may be mediated by some transporter. If the latter,
it must have a rather high capacity and velocity, because the
compound showed rapid CNS effects and, being a low-affinity
ligand at galanin receptors (Table 1), a 107> M or higher
concentration must be achieved in the brain to exert the ob-
served effects in seizure and behavioral models (Figs. 3-5) used
here. The properties of the scaffold and of the attached side
chains in relation to crossing the blood—brain barrier are worth
further investigation. The in vitro and in vivo effects of Galmic
reported here are congruent with the action of a galanin type-1
receptor agonist and occur at doses similar to those of galnon
(2-20 mg/kg i.p.), the tripeptide mimetic (13).

The interpretation of the pharmacologic spectrum of the
effects of Galmic is somewhat hampered by its low affinity for
the GalR1 type. The Kj value of 34.2 uM requires that high
doses of the compound be used in the experiments; thus, we
cannot rule out the possibility that Galmic might be able to
bind to additional proteins such as receptors, ion channels, and
enzymes and thereby contribute to the observed effects.
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Nevertheless, one must emphasize that the effects we found
mimic those of galanin injected intrahippocampally or intrac-
erebroventricularly; accordingly, it is reasonable to ascribe the
effects reported in Figs. 2-5 to the galanin-receptor agonist
properties of Galmic.

In conclusion, Galmic represents a second-generation peptide
ligand mimic that, through its interactions with galanin recep-
tors, exhibits galanin-agonist-like effects in a variety of animal
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models upon systemic administration. The rigid scaffold used in
Galmic should be useful in the synthesis of other peptidomimetic
compounds.
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