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Modification of Leech Behavior Patterns by Reserpine-induced

Amine Depletion

Bruce A. O’Gara, Heechin Chae, Lisa B. Latham and W. Otto Friesen
Department of Biology and Biodynamics Institute, University of Virginia, Charlottesville, Virginia 22901

A single injection of 100 ng reserpine into the crop of the
medicinal leech, Hirudo medicinalis, reduced CNS serotonin
and dopamine levels to less than 1% of control values within
3 d. High-pressure liquid chromotography- (HPLC) deter-
mined CNS serotonin and dopamine levels remained maxi-
mally depressed for approximately 1 month following re-
serpine injection. Subsequently, amine levels recovered
slowly, but remained depressed 6 months after reserpine
injection. Following reserpine treatment, glyoxylic acid-in-
duced fluorescence or neutral red staining closely mirrored
the HPLC-determined time course of amine depletion and
recovery. Acute exposure of isolated ganglia to 10 um re-
serpine for periods up to 6 hr produced a 20-30% reduction
of serotonin and dopamine content. The threshold concen-
tration of reserpine necessary to produce amine depletion
was approximately 1 uMm.

We found that reserpine treatment eliminated biting be-
havior within 4 d following injection. Biting behavior remained
depressed below control levels for approximately 4 months,
but returned to control values while CNS serotonin and do-
pamine levels remained significantly depressed at this time.
Unexpectedly, reserpine treatment increased rather than re-
duced the duration of stimulus-evoked swimming activity.
This behavioral change was evident within 3 d and persisted
for approximately 3.5 months.

To rapidly restore amine levels in reserpine-treated ani-
mals, we bathed intact leeches in pond water containing
serotonin, dopamine, or octopamine. We found that biting
behavior was restored following reserpine treatment by
bathing intact leeches in pond water containing serotonin or
dopamine, but not octopamine. Also contrary to expecta-
tions, the increase in swim duration was not reversed by
bath exposure to serotonin, dopamine, octopamine, or his-
tamine. However, all swimming activity in reserpine-treated
leeches was eliminated by the amine antagonist cyprohep-
tadine. We propose that the presence of low levels of amines
is critical for the expression of both biting and swimming
activity in leeches. However, the minimal levels of amines
necessary for the expression of these behaviors are lower
for swimming than for biting.
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It has been clear for several years that serotonin plays a crucial
role in regulating the expression of swimming activity and feed-
ing behavior in the leech. For example, leeches with relatively
high concentrations of serotonin in their blood swim more often
than leeches with relatively low blood serotonin levels (Willard,
1981). Moreover, increased swimming activity can be induced
by injecting serotonin into intact leeches or by exposing as few
as 2 ganglia of isolated nerve cords to serotonin. Release of
serotonin by prolonged electrical stimulation of the serotonergic
Retzius cells also induces swimming. Two additional serotonin-
containing neurons, cells 21 and 61 [sometimes termed the dor-
solateral (DL) and ventrolateral (VL) serotonin-containing neu-
rons (Marsden and Kerkut, 1969; Lent et al., 1979)], evoke
swimming activity even more rapidly and reliably than the Ret-
zius cells when depolarized by current injection (Nusbaum, 1986;
Nusbaum and Kristan, 1986). Conversely, when serotonin is
functionally removed from the nervous system by pharmaco-
logical treatment, swimming does not occur. For example, when
the serotonin-containing neurons are ablated from embryonic
leeches by treatment with 5,7-dihydroxytryptamine (5,7-DHT),
swimming activity is not expressed when these animals mature
to the juvenile stage (Glover and Kramer, 1982). However,
swimming ability can be restored in these juvenile leeches by
application of exogenous serotonin. In another study, depletion
of amine neurotransmitters from isolated nerve cords by acute
application of reserpine eliminated the expression of swimming
activity (Hashemzadeh-Gargari and Friesen, 1989). Finally,
swimming activity can also be eliminated from isolated nerve
cords by exposure to the amine antagonist cyproheptadine
(Hashemzadeh-Gargari and Friesen, 1989). These experiments
demonstrate that serotonin acts as a neuromodulator that con-
trols swimming movements in the leech.

Biting behavior has also been shown to be dependent on CNS
serotonin levels (Lent and Dickinson, 1984; Lent, 1985; Lent
et al., 1989). Both the blood and the CNS of hungry leeches
have higher serotonin levels than found in sated leeches (Lent,
1984; Lent et.al., 1989). Depletion of serotonin by 5,7-DHT
treatment eliminates biting behavior, which can be restored by
bathing the intact leech in pond water containing serotonin (Lent
and Dickinson, 1984).

One of our research goals is to describe serotonin-induced
modifications of neuronal function in the leech that modulate
the expression of swimming activity. Although such modifica-
tions should be measurable in experiments comparing neuronal
function prior to and following serotonin application to the
isolated nerve cord, the extent of modulation present in the
normal leech due to the presence of endogenous serotonin is
unknown and uncontrolled. For example, serotonin levels in
the leech CNS may be altered by the stresses of capture and



dissection. In addition, the chemical, thermal, and tactile stimuli
associated with handling are identical with those associated with
normal feeding and thus would likely activate serotonin-con-
taining neurons involved in feeding (Lent, 1985). One method
of controlling the effects of serotonin is first to deplete serotonin
from the intact leech and then to reintroduce known concen-
trations of serotonin to the isolated nervous system. The effects
of these serotonin applications on specific swim-related neurons
and synapses can then be examined. This paradigm has been
used to show that serotonin increases synaptic fatigue in several
inhibitory synapses between swim-related neurons (Friesen et
al., 1988).

In some previous work, serotonin was depleted from the leech
nervous system with 5,7-DHT (Glover and Kramer, 1982; Lent,
1984). However, there are several problems with using 5,7-DHT
for our purposes. First, in adult leeches, 5,7-DHT treatment is
difficult because this drug must be injected into the ventral blood
sinus that surrounds the nerve cord (Lent, 1984). Second, 5,7-
DHT only depletes about 50% of the total serotonin content
from the nervous system of adult leeches. Even more impor-
tantly, the serotonin-containing swim-gating neurons, cells 21
and 61, show little evidence of serotonin depletion following
5,7-DHT treatment; in fact, such treated leeches swim normalty
(Lent, 1985). We sought a technique by which we could simply
and reliably produce a profound reduction of serotonin levels
in the leech nervous system.

Reserpine inhibits the storage of amines by binding specifi-
cally to the amine translocator of storage organelles (reviewed
by Shore, 1962; Slotkin, 1974; Giachetti and Shore, 1978; John-
son, 1988). At high concentrations, reserpine also acts as a de-
tergent, thus allowing transmitter efflux due to increased mem-
brane permeability (Zallakian et al., 1982). Reserpine has been
previously shown to deplete amines from the leech nervous
system by 2 laboratories. First, Marsden and Kerkut (1969)
showed that reserpine reduced formaldehyde-induced fluores-
cence of amine-containing neurons, and second, Webb and Or-
chard (1980) demonstrated reserpine-induced depletion of oc-
topamine.

In the experiments described here, we characterized the extent
and duration of amine depletion induced by injecting reserpine
into the crop of the leech Hirudo medicinalis. We also examined
the effects of a single injection of reserpine on 2 behaviors known
to be dependent on serotonin levels in the leech, biting and
swimming. Our results demonstrate that a single injection of
100 ug reserpine into the crop causes a greater than 99% de-
pletion of serotonin and dopamine. Reserpine injection elimi-
nates or reduces biting behavior for a period of approximately
4 months. Biting behavior was restored in reserpine-treated
leeches by bath application of serotonin or dopamine, but not
octopamine. Unexpectedly, reserpine treatment increased the
swim duration evoked by sensory stimulation. In addition, we
determined the extent of acute reserpine-induced amine deple-
tion from isolated nerve cords under conditions that have been
shown to abolish swimming activity (Hashemzadeh-Gargari and
Friesen, 1989).

Some of these results were previously published in abstract
form (O’Gara and Friesen, 1988; O’Gara et al., 1989).

Materials and Methods

Animals, dissection, and drugs

Medicinal leeches, Hirudo medicinalis, were obtained from a commer-
cial supplier and maintained in aquaria at about 18°C on a 12:12 light:
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dark cycle for up to 1 yr. Leeches used in these studies (except as noted)
were fed on ox blood at the end of January and at the end of June.
Serotonin (5-hydroxytryptamine creatinine sulfate), dopamine HCl, oc-
topamine HCI, histamine dihydrochloride, and reserpine were obtained
from Sigma (St. Louis, MO); cyproheptadine HCI sesquihydrate was
obtained from Aldrich (Milwaukee, WT).

The leech CNS consists of the supraesophageal ganglion and 32 meta-
meric ganglia: 4 are fused to form the subesophageal ganglion; 21 occur
as individual, unfused midbody ganglia joined by connectives; and 7
are fused to form the posterior ganglion. Amine neurotransmitters are
present in each midbody ganglion within 7 serotonin-containing neurons
(see Fig. 4L; Lent et al., 1979), within the processes of 2 dopamine-
containing neurons whose somata lie in the anterior nerve roots (Lent
et al., 1983), and within 2 octopamine-containing neurons (Belanger
and Orchard, 1986). The subesophageal ganglion contains several ad-
ditional serotonin-containing neurons (Lent and Dickinson, 1984), as
well as the somata of the dopamine-containing neurons (Marsden and
Kerkut, 1969). To assay the amine content of leech nervous tissue with
high-pressure liquid chromatography (HPLC) or histological methods,
chains of midbody ganglia or the cephalic ganglia (combined supra-
esophageal and subesophageal ganglia) were dissected from adult leech-
es. To conserve the neurotransmitter content of the nervous system
during dissection, a modified leech saline was used that contained no
Ca?* and included elevated Mg2* (100 mm NaCl, 4 mm KCl, 10 mm
MgCl,, 10 mm HEPES buffer, adjusted to pH 7.4 with NaOH). Periph-
eral nerves were severed close to the ganglia, and at each end of the
chain, the connectives were severed midway between ganglia. Because
the peripheral nerves were severed close to the ganglia, the dopamine-
containing somata in the anterior roots of midbody ganglia were not
included in the tissue samples (Lent et al., 1983). Serotonin content of
vasofibrous tissue, which is especially prevalent in the wall of the ventral
blood sinus (Coggeshall and Yaksta-Sauerland, 1974), was sampled after
isolating a 3-segment length of the ventral sinus and determining its
mass to the nearest 0.1 mg.

The HPLC experiments reported in this paper were conducted during
the course of 1 yr (data were obtained in every month except October).
Serotonin and dopamine levels in midbody ganglia of untreated control
leeches (maintained in the laboratory) varied with the time of year they
were assayed (Fig. 1). The highest levels of serotonin were found in
January (28.86 + 1.97 pmol/ganglion), and lowest levels were found in
July (12.36 + 1.63 pmol/ganglion). A 1-way analysis of variance (ANO-
VA) indicated that significant differences existed in serotonin levels over
the 1-yr interval (p < 0.01; F = 6.14; df = 10,138). Subsequent analysis
indicated these significant differences (p < 0.05): January was signifi-
cantly different from June, July, August, September, and November;
February was significantly different from July. A similar seasonal vari-
ation of serotonin levels has been previously described in Hirudo, with
reported winter levels 3 times the summer levels (Stenzel and Neuhoff,
1976). The serotonin content of the CNS is dependent on the nutritional
status of the leech and is reduced following feeding (Lent et al., 1988).
The seasonal rhythm we report was not due to feeding of the animals
at opportune times. While it is true that reductions in serotonin levels
were evident following the January and June feedings (Fig. 1), these
feedings were not responsible for the seasonal rhythm of serotonin levels.
This is indicated by the fact that the serotonin levels during February
and July (months immediately following a feeding) were significantly
different from each other.

A seasonal variation in neutral red staining (see below) was also
evident, with the Retzius cells showing little or no staining in the summer
(not shown). Neutral red staining of other serotonin containing neurons
(cells 21, 61, and the posterior median cell) showed no obvious sea-
sonality. The seasonal variation of glyoxylic acid-induced fluorescence
was not as large as the variation in neutral red staining, though fluo-
rescence appeared more intense in the winter than in the summer.

Our data on the seasonal variation of dopamine levels are not as
complete because dopamine content was not assayed during spring and
early summer. However, we did find that, in contrast to serotonin,
dopamine levels of midbody ganglia (Fig. 1B) were significantly higher
in summer (July-September; 1.68 + 0.08 pmol/ganglion; n = 58) than
in winter (November—February; 1.31 + 0.06 pmol/ganglion; n = 48; p
< 0.001; t = 3.84; df = 104).

High-pressure liquid chromatography

HPLC was used to determine serotonin and dopamine levels in normal
leeches and to monitor reserpine-induced depletion of these amines.
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Figure 1. Seasonal variation in serotonin and dopamine content of

midbody ganglia. A, Serotonin levels. B, Dopamine levels. Data for this
figure are derived from the normal, untreated leeches also used in the
experiments depicted in Figures 3, 4, and 6. The number of leeches
assayed for each time period is indicated within the bars. No animals
were assayed in October. Error bars represent SEM.

After removal from the leech, tissue to be assayed for amine content
by HPLC was placed in 250 ul 0.1 N perchloric acid in a 1.5-m] mi-
crocentrifuge tube. We found that “pure” water from several sources
contained a contaminant that co-eluted with serotonin; hence, Gibco
distilled water (Grand Island, NY), which lacked this contaminant, was
used in all sample preparation. Samples were frozen and thawed 3 times
and then centrifuged at 12,500 x g in a Beckman Microfuge E for 5
min. The supernatant was removed and injected into the HPLC in 20-
ul aliquots. A blank tube containing only 0.1 N perchloric acid was
treated identically and was used to assure that the perchloric acid so-
lution was free of contaminants that co-eluted with serotonin. Mean
values were obtained from 3-6 injections of each sample. The HPLC
apparatus consisted of a Beckman 100A pump, a Brownlee C-18 guard
cartridge, a4.6 mm x 25 cmor 4.6 mm x 15 cm reverse-phase column
[BAS, 5-um RPC-18 (25 cm), Beckman Ultraspherse 5-um ODS (25
cm), or Phenomenex Ultracarb 5-um ODS (15 cm)], and an electro-
chemical detector with its working electrode set at +0.65 V above the
reference electrode (BAS LC-4A amperometric controller, TL-8A trans-
ducer cell, and RE3 electrode). Column temperature was maintained at
35 or 40°C, and flow rate was 1.5 ml/min. The mobile phase was recycled
and had the following composition: 0.15 M monochloroacetic acid, 0.86
M sodium octyl sulfate, 7 mm EDTA, and 8-12% acetonitrile. Aceto-
nitrile was periodically added to the mobile phase reservoir to keep
retention times relatively constant. To reduce the formation of bubbles
in the detector, the mobile phase reservoir was sparged with helium
and maintained at 30°C. The identification of serotonin and dopamine
peaks in the samples was determined by their identical retention times

and voltammetry as compared with known standards. Peak areas were
determined by a Beckman 427 integrator, which calculated the amount
of transmitter present in the sample utilizing previously determined
standard curves. Detection limits for both serotonin and dopamine were
25-30 fmol/20-ul sampie.

Reserpine treatment

We sought to develop a method that would easily and reliably deplete
amines from the nervous system. We utilized reserpine because it is
known to produce profound and prolonged depletion of amines (Shore,
1962; Slotkin, 1974; Giachetti and Shore, 1978; Johnson, 1988). Re-
serpine was dissolved in 50 ul glacial acetic acid and then diluted to the
final concentration with normal saline (115 mm NaCl, 4 mm KCl, 1.8
mM CaCl,, 2 mm MgCl,, 10 mm HEPES buffer, pH 7.4). To measure
reserpine-induced amine depletion in intact leeches, reserpine (100 ug
in 0.2 ml saline) was injected with a tuberculin syringe through the body
wall and into the crop of leeches immobilized with ice-cold saline. The
leeches had body weights of 0.5-4 gm (most were in the 1-2-gm range).
If the injected reserpine were equally distributed throughout the body,
reserpine concentrations would range from approximately 40 to 165 um
(largest to smallest body weights, respectively). At fixed times after
injection, the cephalic ganglia (supraesophageal and subesophageal gan-
glia) and midbody ganglia 10-12 were removed from the leech and
assayed for dopamine and serotonin content with HPLC. In most prep-
arations, midbody ganglia 2-7 were also removed and processed for
glyoxylic acid-induced fluorescence (see below), while midbody ganglia
8 and 9 were stained with neutral red (see below). After reserpine in-
jection, the amine content of the nervous system was assayed from
animals killed at 12-hr intervals for 8 d, then daily through 10 d. After
10 d postinjection, animals were sampled at irregular intervals; the data
from leeches that had been injected with reserpine 10 or more days
previously were grouped into blocks for analysis. Between 4 and 16
reserpine-injected animals were assayed at each postinjection time in-
terval. In addition, the nervous systems of 73 normal, untreated leeches
were assayed for dopamine and serotonin levels with HPLC, glyoxylic
acid-induced fluorescence, and neutral red staining.

To examine the acute effects of reserpine on isolated nerve cords,
individual chains were placed in a 35 x 10-mm petri dish containing
3.3 ml normal saline or saline containing reserpine. Two chains of
ganglia were obtained from each of 6 normal leeches, one of midbody
ganglia 7-9, the other of midbody ganglia 10-12. Because anterior gan-
glia contain more serotonin than more posterior ganglia (Lent, 1984;
B. A. O’Gara, unpublished observations), the chain of ganglia receiving
reserpine treatment was alternated between anterior and posterior chains.
Each treatment group thus consisted of a total of 6 chains of ganglia: 3
anterior and 3 posterior chains. Reserpine concentrations ranged from
10-% to 10-3 M, and incubation times ranged from 1 to 6 hr. Depending
on reserpine concentration, glacial acetic acid concentrations in both
control and reserpine-containing salines ranged from 0.5% to 0.000005%
(from highest to lowest reserpine concentration, respectively). Following
incubation at room temperature (approximately 21°C), the dopamine
and serotonin content of each chain was determined by HPLC. Deple-
tion of serotonin or dopamine in reserpine-treated chains was expressed
as a percentage reduction compared to the paired control.

Glyoxylic acid-induced fluorescence

Amine-containing neurons in the leech nerve cord can be visualized by
processing the tissue for glyoxylic acid-induced fluorescence (Lent, 1982).
Isolated nerve cords were incubated for 1 hr in a solution composed of
3% glyoxylic acid, 600 mm sucrose, and 20 mm HEPES, adjusted to pH
7.4 with NaOH (Ocorr and Berlind, 1983). The nerve cord was then
removed from the glyoxylic acid solution, positioned on a slide, and
air-dried for 1 hr. The slide was subsequently heated at 80-90°C for 3
min. Finally, the nerve cords were covered with immersion oil, cov-
erslipped, and viewed with a fluorescence microscope. Reserpine-treated
and normal, untreated nerve cords were processed together to ensure
identical processing so that comparisons between treatment groups could
be made.

Neutral red staining

Staining with neutral red can be used to visualize amine-containing
neurons (Stuart et al., 1974). Isolated nerve cords were placed in normal
saline containing 0.001% neutral red until the serotonin-containing neu-
rons in normal nerve cords exhibited intense staining (1-6 hr). The



unfixed tissue was than examined using a compound microscope. Re-
serpine-treated and normal, untreated nerve cords were processed to-
gether to ensure identical processing.

Behavioral experiments

The long-term behavioral effects of reserpine treatment were assessed
in 6 leeches for 168 d following a single injection of 100 ug reserpine
into the crop (body weight of 0.5-4 gm). Control leeches (n = 6) were
injected with the identical carrier solution that lacked reserpine. Each
leech was housed separately in a 705-ml plastic container (Rubbermaid)
containing 500 ml artificial pond water [1 mMm NaCl, 13 um KCl, 4 um
Ca(NO,)-4H,0, 17 um Mg(SO.)-7TH,0, 71 um HEPES buffer]. Both
groups of leeches were fed on ox blood 62 d prior to the start of the
experiment and were not fed for the duration of the experiment. Both
reserpine-treated and control leeches were tested for biting behavior and
swimming activity (see below) every 12 hr through 4 d postinjection,
at 7 d postinjection, then at 7 d intervals from 7 to 56 d postinjection
and at 14 d intervals from 56 to 168 d postinjection. The experimenters
conducting these tests were unaware of the treatment status of the an-
imals. However, once the effects of reserpine became evident, the treat-
ment of each animal was easily discernable. At 170 d postinjection,
midbody ganglia 10-12 were isolated from the leeches, and their se-
rotonin and dopamine contents were determined by HPLC.

Biting assay. To examine the effects of reserpine and various amines
on biting behavior, the biting assay of Lent and Dickinson (1984) was
utilized. Each leech was placed on a 7.5 x 10-cm piece of Parafilm M
(American National Can, Greenwich, CT) lying on a slide warmer main-
tained at 35°C. A weighted, inverted bottom of a 60 x 15-mm plastic
petri dish was used to restrict the leech’s movements. At the end of a
15-min trial, the outline of the dish was marked by pressing on the petri
dish (most bite marks were near the edge of the dish). The leech was
removed, and the number of bite marks was counted using a dissection
microscope.

The effects of various amines on biting behavior of both normal and
reserpine-treated leeches were assayed after bathing the intact leech in
pond water containing dissolved amines. Amine neurotransmitters dis-
solved in pond water are able to alter the behavior of intact leeches
(Lent and Dickinson, 1984). Leeches were bathed in pond water con-
taining a known concentration of an amine for 5, 10, 15, or 20 min.
Biting behavior was then immediately assessed using the biting assay.
Attempts to measure an increase of serotonin levels in the nervous
system following a 20-min exposure to 10~ M serotonin in the bath
were inconclusive (O’Gara, unpublished observations).

Swimming assay. Swimming was evoked by rapidly transferring the
leech and the water in its home container (500 mi) into a 15-cm-diameter
circular glass container. If the leech clung to the side of its home con-
tainer, it was gently dislodged with a metal spatula as the water was
poured from the home container. The total duration of swimming ac-
tivity that occurred in the 2 min following transfer was recorded. Swim-
ming activity was defined as the undulation of any portion of the body
occurring at a frequency of 0.5-2 Hz while both suckers were detached
from the substrate. The reason for these liberal criteria (as opposed to
requiring undulation of the entire body or progress through the water)
was that reserpine-treated leeches sometimes initially expressed swim-
like undulations of only a few of the anterior segments. Subsequently,
the number of segments undulating would increase until the leech was
producing relatively normal swimming movements, indicating that the
initial movements represented the gradual onset of swimming activity.
As with biting behavior, the effects of amines on swimming activity
were assayed after bathing intact leeches in pond water containing known
amounts of dissolved amines for 5-20 min.

The effects of the amine antagonist cyproheptadine on swimming
activity of reserpine-treated leeches also were examined. First, the swim
duration of leeches injected with 100 ug reserpine 5-14 d previously
was assayed. Each leech was then injected with cyproheptadine (32—
320 ug/gm dissolved in distilled water) into the crop. Swim duration
was assayed 15 min after injection and at 30-min intervals up to 165
min after injection. If equally distributed throughout the body, these
amounts of cyproheptadine would produce concentrations ranging from
0.1 to 1 mm. Control leeches were injected with distilled water.

Statistics

Analysis of variance and subsequent tests between cell means were
performed in accordance with Keppel (1973); Wilcoxon and ¢ tests were
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Figure 2. Depletion of serotonin from cephalic ganglia (4) and mid-
body ganglia (B) induced by injection of 100 ug reserpine into crop.
Numbers within brackets indicate the number of animals assayed at each
time interval. Numbers within parentheses in insets indicate time inter-
vals over which data have been grouped for the indicated point. Insets
show changes in serotonin levels over a compressed time scale. In this
and other figures, when individual points do not have error bars, the
SEM was smaller than the symbol.

performed in accordance with McCall (1975). Data are presented as
means + SEM.

Results

Reserpine-induced depletion and subsequent recovery of
serotonin and dopamine levels in intact leeches

Reserpine treatment caused a profound and prolonged depletion
of both serotonin and dopamine from the nervous system of
the intact leech. Serotonin levels fell for 2-3 d after reserpine
injection and then reached a plateau that lasted for approxi-
mately 30 d (Fig. 2). In the cephalic ganglia (supraesophageal
and subesophageal ganglia), serotonin levels fell from the control
value of 69.46 + 2.11 pmol/cephalic ganglia to a mean value
of 0.35 + 0.05 pmol/cephalic ganglia during the plateau from
2.5 to 30 d postinjection (Fig. 24). Hence, reserpine caused the
elimination of 99.5% of the total amount of serotonin normally
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A present in the nervous system. In midbody ganglia 10-12, se-

CEPHALIC GANGLIA rotonin levels fell from 17.80 + 0.81 pmol/ganglion to a plateau
value of 0.12 + 0.01 pmol/ganglion (Fig. 2B), approximately
0.7% of control levels. Serotonin levels began to recover 30 d
after injection and continued to rise for the duration of the
experiment. However, even 9 months after the initial treatment,
10 serotonin levels had still not recovered to control levels (Fig.
2). There was no apparent difference between cephalic and mid-
body ganglia in the rates of depletion or recovery.

Reserpine treatment also caused dopamine levels in the ce-
phalic ganglia to fall from control values of 14.03 = 0.67 pmol/
o g T T T TR cephalic ganglia to undetectable levels by 2 d postinjection (Fig.

DAYS AFTER INJECTION 3A4). Similarly, dopamine levels in midbody ganglia 10-12 fell

6] from 1.92 + 0.12 pmol/ganglion to undetectable levels within

o [4 [31 [e] [61 [31 [4] 1 d after injection (Fig. 3B). Dopamine levels were still pro-

0 e 14 ° ® ® foundly depressed 9 months postinjection; recovery occurred
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more slowly than serotonin levels (cf. Figs. 2, 3, insets). At the

DAYS AFTER INJECTION longest time interval examined (200-300 d), serotonin levels

had recovered to 50-60% of control, while dopamine levels had

recovered to only 20% of control. There was no apparent dif-

ference between cephalic and midbody ganglia in the rates of
dopamine depletion or recovery.

Because the data for these experiments were obtained from
approximately equal numbers of leeches during each season, the
data presented here are not biased by seasonal variations in the
levels of either serotonin or dopamine; they thus are presented

0] as means for the entire year.
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Figure 3. Depletion of dopamine from cephalic ganglia (4) and mid-
body ganglia (B) induced by injection of 100 ug reserpine into crop.
Numbers within brackets indicate the number of animals assayed at each
time interval. Numbers within parentheses in insets indicate time inter-
vals over which data have been grouped for the indicated point. Insets
show changes in dopamine levels over the time course of the experiment.

paired Retzius cells, paired cells 21 and 61, and the unpaired
posterior medial cell (Fig. 44-C). [In anterior ganglia, the pos-
terior medial cell occurs as a pair (Fig. 4E; Lent, 1982).] In
addition, glyoxylic acid-induced fluorescence occurred in the
neuropil and in axons of the amine-containing neurons (Fig.
44, B). Reserpine treatment induced a substantial reduction in
glyoxylic acid-induced fluorescence and neutral red staining in

-

Figure 4. Histological correlates of reserpine-induced serotonin depletion. The ganglia in the first 2 columns were processed for glyoxylic acid-
induced fluorescence, and those in the third column were stained with neutral red. Photomicrographs in the top row of ganglia were obtained from
untreated control leeches. Ganglia in the second and third rows were stained 24 hr following reserpine treatment (second row) or at maximal serotonin
depletion (third row). Ganglia in 4, D, and G are viewed dorsally; all other ganglia in rows I-3 are viewed ventrally. The filters used for the
fluorescence micrographs did not differentiate between fluorescence due to serotonin or dopamine; therefore, some of fluorescence in the neuropil
is due to dopamine even though it appears yellow rather than dopamine’s normal blue-green fluorescence. However, the physical boundaries of
both dopamine and serotonin fluorescence were similar in extent, as were the effects of reserpine on the amounts of their respective fluorophors.
In the ganglia from untreated control leeches (1op row), there is staining of the Retzius cells, cells 21 and 61, and the posterior median cell (see L
for cell locations). In some neutral red-stained ganglia, the posterior median cell stains very lightly and thus is not clearly visible in C; however,
in other ganglia, neutral red staining of the posterior median cells is quite evident (arrow in F). The entire neuropil in ganglia of untreated animals
shows glyoxylic acid-induced fluorescence (4, B). Many fluorescent axons were present in the interganglionic connectives (J). One day after reserpine
injection (second row), neuropil fluorescence was greatly reduced or eliminated (D, E); however, the somata still exhibit intense fluorescence (D,
E) and neutral red staining (F). At maximal amine depletion (row 3), all glyoxylic acid-induced fluorescence was eliminated (G, H). At this time,
axons no longer fluoresced after exposure to glyoxylic acid (K); however, background fluorescence was increased as compared to connectives from
an untreated leech (J). At maximal amine depletion, neutral red staining is eliminated (7). In ganglia from these animals, as well as some leeches
examined during summer, the Retzius cells had associated with them small structures (I, arrow), which were apparently microglia. L, Schematic
diagram of typical midbody ganglion showing the positions of the serotonin-containing somata. Each ganglion contains 7 serotonin-containing
somata: 2 Retzius cells (Rz), 2 cells 21, two cells 61, and 1 posterior median cell (PM). Cells 21 are on the dorsal aspect of the ganglion; all of the
other serotonin-containing neurons are on the ventral aspect. In anterior ganglia, the posterior median cell occurs as a pair. Scale bars: 4, 200 um
for A-I; J, 100 um for J, K.
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Figure 5. Depletion of serotonin from vasofibrous tissue of ventral
blood sinus following reserpine treatment. The ventral blood sinus of
segments 10—-12 was assayed for serotonin content (left ordinate) fol-
lowing injection of 100 ug reserpine into the crop. For comparison of
the depletion rate, the serotonin content of midbody ganglia 10-12
(right ordinate) of the same animals is also plotted. Six leeches were
assayed to obtain control values: 5 for 1-4 d after injection, 4 at 13 d
after injection. Error bars represent SEM.

the serotonin-containing neurons (Fig. 4D-K). The intensity of
staining produced by glyoxylic acid and neutral red during re-
serpine-induced depletion of amines closely paralleled amine
levels as measured by HPLC. By 12 hr after reserpine injection
into intact leeches, glyoxylic acid-induced fluorescence was
markedly reduced in the neuropil, connectives, and peripheral
nerves. By 1 d postinjection, fluorescence was usually present
only in the serotonin-containing somata at an intensity not ob-
viously different from control somata (Fig. 4D-F). Within 2-3
d after reserpine injection, all fluorescence was absent (Fig. 4G-
LK), however, background fluorescence was elevated compared
to untreated controls. As amine levels recovered over an interval
of weeks to months, fluorescence was first noted in the somata,
and only at later intervals was fluorescence present in the neu-
ropil and extraganglionic processes.

Neutral red did not stain the neuropil and neuronal processes
well enough to allow the same detailed observation of reserpine-
induced depletion as allowed by glyoxylic acid-induced fluo-
rescence. However, the pattern of staining of the serotonin-
containing somata by neutral red was usually similar to that
produced by glyoxylic acid-induced fluorescence in ganglia ob-
tained from a given leech. There were 2 exceptions to this par-
allel course of staining: As noted above, neutral red showed an
obvious seasonal variation in the intensity of staining the Ret-
zius cells that was not as evident with glyoxylic acid-induced
fluorescence. A second difference in staining intensity occurred
in several leeches 2-3 d following reserpine treatment. In these
preparations, neutral red staining was indistinguishable from
controls, even though both HPLC and glyoxylic acid-induced
fluorescence indicated that only very low levels of amines were
present.

Serotonin content of the vasofibrous tissue of the ventral
blood sinus

Vasofibrous tissue accumulates and metabolizes serotonin (Cog-
geshall and Yaksta-Sauerland, 1974; Lent, 1984). Following se-
rotonin depletion induced by 5,7-DHT, the serotonin content
of the vasofibrous tissue is increased, apparently due to inter-
ference with the metabolism of serotonin within the vasofibrous

tissue, rather than by increasing serotonin uptake (Lent, 1984).
We found that, in contrast to 5,7-DHT treatment, reserpine
treatment caused a decrease in the serotonin content of the
vasofibrous tissue of the ventral blood sinus (Fig. 5). The de-
pletion of serotonin from both the vasofibrous tissue and the
nerve cord occurred at similar rates.

General observations on the behavioral effects of reserpine

Leeches treated with reserpine exhibited grossly abnormal be-
havior within 1-2 d postinjection. The animals were inactive
and were less responsive to stimuli than normal leeches. With
sufficient prodding, the animals did swim; however, the initial
swimming movements usually appeared stiff. With continued
swimming, the movements became more normal in appearance
and were sometimes indistinguishable from the swimming
movements of untreated, control leeches. Isolated nerve cords
from reserpine-treated leeches usually did not generate swim-
ming activity; however, bath application of 50 uM serotonin
restored the expression of normal swimming activity. In 9 of
11 isolated nerve cord preparations from reserpine-treated
leeches, no swimming activity was seen following stimulation
of the dorsal posterior (DP) nerve or the swim-gating neuron
cell 204 (both methods are normally very effective in eliciting
swimming activity). In one preparation, stimulation of the
DP nerve evoked swimming for several minutes after dissection,
but eventually became ineffective. In another preparation, strong
stimulation of the swim-gating neuron cell 204, but not DP
nerve stimulation, evoked swimming activity. Serotonin appli-
cation facilitated expression of swimming activity in both prep-
arations. Reserpine-treated leeches often did not respond to
stimuli that would terminate swimming in untreated leeches.
For example, when untreated leeches make contact with the
sides of their container, they usually stop swimming and attach
their anterior sucker to the container side. However, reserpine-
treated leeches were much less likely to stop swimming following
contact with the walls of their container. In addition, reserpine-
treated leeches sometimes continued to generate swimming
movements after attaching their front sucker to the side of the
container. This contrasts with untreated leeches, which imme-
diately cease swimming movements upon front sucker attach-
ment. Unlike untreated leeches, reserpine-treated leeches some-
times protruded their jaws while swimming. Reserpine-treated
leeches also show the following abnormal behaviors: dorsal-
ventral flattening, increased body wall tonus, erected annuli,
reduced sucker attachment, reduced exploratory movements of
the head, and occasional swimming movements while being
held.

Effect of reserpine on biting behavior

Because biting behavior is dependent on CNS serotonin levels
(Lent and Dickinson, 1984), we decided to examine the effects
of reserpine on biting. When the biting behavior of control and
reserpine-treated leeches was examined, an ANOVA and sub-
sequent Tukey test indicated that reserpine treatment signifi-
cantly reduced biting behavior by 2 d after injection and com-
pletely eliminated biting behavior by 4 d postinjection (Fig. 6A4).
Biting behavior remained significantly depressed up to 139 d
postinjection (Fig. 6 B). The ANOVA indicated significant effects
due to reserpine injection (p < 0.001; F = 25.28; df = 1,10),
time after reserpine injection (p < 0.001; F = 4.65; df = 23,230),
and the interaction (p < 0.001; F = 3.66; df = 23,230). Even
though biting behavior of reserpine-injected leeches was not
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Figure 6. Elimination of biting behavior by injection of 100 ug reser-
pine into crop. The numbers of bites during 15-min trials are plotted
for the first 14 d following reserpine injection (4) and for the entire 168-
d course of the experiment (B). Control leeches showed a decrease in
the number of bites they produced when they were repeatedly tested
with a 12-hr intertrial interval. This decrease in biting behavior was
apparently reversed when longer intertrial intervals were used (B). This
decrease in biting behavior, at least superficially, resembles habituation;
however, we have not formally studied this decrease to determine if it
in fact is due to habituation. Biting behavior was eliminated within 4
d of reserpine injection and remained significantly depressed until 139
d postinjection. Some early points (0.5-14 d) from A are omitted in B
for clarity. Asterisks indicate when control and reserpine-injected groups
were significantly different; *, p < 0.05; **, p < 0.01. Error bars represent
SEM.

significantly different from controls at the end of the experiment
(168 d postinjection), both the serotonin and dopamine levels
in the ventral nerve cords of reserpine-treated leeches were still
significantly depressed. At 170 d after injection, serotonin con-
tent of the controls was 55.94 = 5.30 pmol/ganglion, whereas
ganglia from reserpine-treated leeches contained 6.81 = 3.08
pmol/ganglion (p < 0.001; ¢ = 8.02; df = 10). The dopamine
content of ganglia from control leeches was 1.72 + 0.11 pmol/
ganglionand 0.31 = 0.16 pmol/ganglion from reserpine-injected
leeches (p < 0.001; ¢ = 7.26; df = 10).

Effects of amines on biting behavior

Control leeches. Lent and Dickinson (1984) reported that de-
pletion of serotonin from the nervous system by 5,7-DHT elim-
inated leech biting behavior, and that bathing these treated leeches
in serotonin could restore biting behavior. However, they found
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Figure 7. Modulation of biting activity in control leeches with bath-
applied amines. The effects on biting behavior of bathing normal leeches
(not injected with reserpine) in pond water containing serotonin (4),
dopamine (B), or octopamine (C) are shown. Serotonin and dopamine
produced increased biting behavior at low concentrations or short ex-
posure times. At higher concentrations, smaller increases or inhibition
of biting occurred [as compared to controls (exposure time = 0)]. Oc-
topamine had no effect on biting. The ordinate is the number of bites
per 15-min trial. The abscissa is the duration of exposure to bath-applied
amine prior to trial. Error bars represent SEM.

that exposure of untreated control animals to serotonin had
complex results; high concentrations of serotonin in the bath or
long exposure times actually decreased biting behavior below
control levels. To further investigate these anecdotal results, we
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Figure 8. Restoration of biting activity in reserpine-treated leeches by
bath exposure to serotonin or dopamine, but not octopamine. The effects
on biting behavior of bathing reserpine-treated leeches in pond water
containing serotonin (4), dopamine (B), or octopamine (C) are shown.
The effects of these amines were qualitatively similar to those seen in
normal leeches (Fig. 7). The ordinate is the number of bites per 15-min
trial, and the abscissa is the duration of exposure to bath-applied amine
prior to the trial. Error bars represent SEM.

performed quantitative experiments to describe the effects of
bath application of amine neurotransmitters on the biting be-
havior of normal control leeches. We tested the effects of various
concentrations and exposure times of bath-applied serotonin,
dopamine, and octopamine on biting behavior. Bath exposure
to 103 M serotonin (Fig. 7A4) elicited progressively greater num-
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Figure 9. Swim duration was increased following reserpine treatment.
Swimming was evoked by transferring the leech from one container to
another. The amount of time the leech spent swimming in the following
2 min was recorded. Swim duration first became significantly different
3 d following reserpine injection (4) and remained significantly greater
up to 112 d postinjection (B). Some early points from A4 (0.5-7 d) are
omitted in B for clarity. Asterisks indicate when control and reserpine-
injected groups were significantly different: * p < 0.05; **, p < 0.01.
Error bars represent SEM.

bers of bites with increased exposure times [as compared to
animals not exposed to serotonin (exposure time of 0 min)}. At
a higher serotonin concentration (10~ M), a 5-min exposure
time produced a large increase in the number of bites. However,
with longer exposure times, the increase in the number of bites
was smaller than produced by a 5-min exposure. At even higher
serotonin concentrations (10-3 m), biting activity was reduced
below control levels following exposure times of 10 min or
longer. Bath application of dopamine (Fig. 7B) evoked quali-
tatively similar results; however, much higher concentrations
of dopamine were required to elicit similar effects. Bath appli-
cation of octopamine (Fig. 7C) had no discernable effect on the
biting activity of normal leeches.

Reserpine-treated leeches. We next determined if the reduc-
tion of biting behavior produced by reserpine could be reversed
by bathing reserpine-treated leeches in the amines serotonin,
dopamine, or octopamine. We found that exposure to serotonin
or dopamine, but not octopamine, restored biting behavior (Fig.
8). The effects of serotonin and dopamine on reserpine-treated
leeches were qualitatively similar to those in normal leeches. At
the lower serotonin and dopamine concentrations, the number
of bites increased with increasingly longer exposure times (Fig.



84,B). At the highest concentrations utilized in these experi-
ments, the largest increase in biting occurred at a 5-min exposure
time. However, with longer exposure times, the increases in the
number of bites were smaller than caused by a 5-min exposure.
As was true of untreated leeches, exposure to serotonin was
more effective than dopamine exposure. There were 2 quanti-
tative differences between the effects of these amines on reser-
pine-treated versus untreated leeches: First, the maximum num-
ber of bites produced by reserpine-treated leeches exposed to
either amine was lower than that found in untreated controls.
Second, higher amine concentrations were required for reser-
pine-treated leeches than controls. For example, in normal, con-
trol leeches, exposure to 10-5 M serotonin caused easily dis-
cernable increases in biting behavior (Fig. 74). However, when
reserpine-treated leeches were exposed to 10~ M serotonin, little
increase in biting activity was observed (Fig. 8A4).

Effects of reserpine treatment on swimming activity

The expression of swimming activity is dependent on the levels
of serotonin in the CNS (Willard, 1981; Glover and Kramer,
1982). Because acute treatment with reserpine abolishes swim-
ming activity in isolated nerve cords (Hashemzadeh-Gargari
and Friesen, 1989), we expected that reserpine treatment would
also reduce swimming activity of intact leeches. To test this
expectation, we studied the long-term effects of reserpine treat-
ment on swimming activity in the same animals used to study
the effects of reserpine on biting behavior. Unexpectedly, we
found that the duration of swimming activity was longer in
reserpine-treated animals than in controls (Fig. 9). An ANOVA
and subsequent Tukey test indicated that the increase in swim
duration first became significant 3 d after reserpine injection
and remained significantly different (with the exception of a few
points) up to 112 d after injection. The ANOVA indicated sig-
nificant effects due to reserpine injection (p < 0.001; F = 45.03;
df = 1,10), time since reserpine injection (p < 0.001; F = 3.19;
df = 23,230), and the interaction (p < 0.025; F = 1.80; df =
23,230). As was true of biting behavior, swim duration returned
to control values, whereas serotonin and dopamine levels re-
mained significantly depressed 170 d after reserpine injection.

Attempts to reverse the reserpine-induced increase in swim
duration by bathing reserpine-treated leeches in various amines
were unsuccessful. Bath application of 10 uM serotonin (not
shown) or 1 mm serotonin, dopamine, octopamine, or histamine
did not alter the swim duration of reserpine-treated leeches (Fig.
10A4).

Effects of cyproheptadine on the swimming activity of
reserpine-treated leeches

The reduction of neuronal amine levels induced by reserpine
treatment is due to inhibition of storage mechanisms; however,
the synthesis of amines continues (Slotkin, 1974). It is possible
that the ability of reserpine-treated leeches to swim is dependent
on these low levels of residual amines still present in the nerve
cord. To determine if the swimming activity of reserpine-treated
leeches was dependent on residual amines, we used the amine
antagonist cyproheptadine to eliminate the effects of any resid-
ual amines. We found that cyproheptadine treatment caused
dose-dependent decreases of swim duration (Fig. 10B). At high
cyproheptadine doses (160 and 320 ug/gm), swimming activity
was completely eliminated. Thus, the ability of reserpine-treated
leeches to generate swimming movements was apparently de-
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Figure 10. Effects of amines and cyproheptadine on reserpine-induced
increase in swim duration. 4, Amine treatment did not reduce swim
duration to normal levels. The effects of reserpine injection on swim
duration were not reversed by bathing reserpine-treated leeches in pond
water containing 1 mm serotonin, dopamine, octopamine, or histamine.
B, Elimination of swimming activity by the amine antagonist cypro-
heptadine. Cyproheptadine produced a dose-dependent reduction of
swim duration and eliminated swimming at high concentrations. The
number of leeches used in the 320-ug/gm group was 10, whereas in all
other groups, 6 leeches were used. In addition, another group of 6 leeches
was tested after being injected with 32 pug/gm cyproheptadine, but was
not plotted for clarity. All points for this group fell well within the SEM
(error bars) of the control group.

pendent on the low levels of residual amines still present in the
animal.

Depletion of amines from isolated nerve cords following acute
exposure to reserpine

Hashemzadeh-Gargari and Friesen (1989) reported that acute
exposure of isolated nerve cords to 10-150 um reserpine abol-
ishes swimming activity within 4 hr. It was therefore of interest
to determine the extent of amine depletion caused by acute
exposure to reserpine under similar conditions. We found that
exposure to 10 uM reserpine induced a time-dependent depletion
of both serotonin and dopamine (Fig. 114). During a 4-hr in-
cubation, serotonin was reduced by 23.4 + 5.7%, and dopamine
was reduced by 31.7 + 2.5%. After 6 hr incubation in 10 um
reserpine, serotonin was reduced by 31.0 + 4.5%, and dopamine
was reduced by 34.1 *+ 2.5%. A series of Wilcoxon tests indi-
cated that significant depletion of both serotonin and dopamine
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Figure 11. Depletion of serotonin and dopamine by acute exposure
of isolated ganglia to reserpine. 4, Depletion induced by 10 uM reserpine
with incubation durations of 1-6 hr. B, Depletion induced by 4 hr
incubation in reserpine concentrations ranging from 10-8 to 10-3 m.
Indicated significance levels (*, p < 0.05; **, p < 0.025) were determined
using a directional Wilcoxon test of the data for each point as compared
to untreated chains of gangtia from the same animals (not shown). Error
bars represent SEM.

occurred with incubation times of 2 hr or longer. Reserpine-
induced amine depletion was initially more rapid during in-
cubation times ranging from 0 to 3 hr (7-10% per hr) than during
incubation times of 3-6 hr (1-3% per hr; Fig. 114).

In another set of experiments, significant depletion of both
dopamine and serotonin occurred when the concentration of
reserpine was varied with a constant 4-hr incubation period
(Fig. 11B). Maximal depletion of serotonin (30.9 + 4.0%) oc-
curred at 103 M, and maximal depletion of dopamine (34.9 =
5.5%) occurred at 10— M. A series of Wilcoxon tests indicated
that significant depletion of dopamine occurred at reserpine
concentrations of 107 M or higher. Serotonin was significantly
depleted at reserpine concentrations of 10-¢ M or higher, except
for 104 M. Isolated nerve cords acutely exposed to 10 or 100
eM reserpine for 4 hr did not have obviously reduced glyoxylic
acid-induced fluorescence as compared to controls (not shown).

Discussion

Biogenic amines are known to modify the expression of motor
activity in both vertebrates (Grillner, 1986; Grillner et al., 1986)
and invertebrates (Willard, 1981; Kravitz, 1988; Marder and

Meyrand, 1989). Although the effects of a particular neurotrans-
mitter on a given type of behavior (e.g., locomotion or feeding)
may differ in disparate species, the general mechanisms by which
neuromodulators cause alterations in neuronal function are
probably universal. Reserpine-induced amine depletion had
wide-ranging effects on leech behavior, indicating the great im-
portance of amines to normal nervous system function. Our
development of a technique whereby amines are easily and re-
liably depleted from the leech CNS will allow the examination
of the actions of these amines. Following depletion, amine levels
may be precisely controlled by their replacement in the exper-
imental saline.

Depletion of amines by reserpine injection

A 100-ug injection of reserpine into the leech crop caused de-
pletion of serotonin and dopamine to less than 1% of normal
levels (Figs. 2, 3). Serotonin and dopamine levels then remained
maximally depressed for approximately 1 month following in-
jection of reserpine (Figs. 2, 3). This dosage of reserpine pro-
duced similar levels of amine depletion regardless of body weight
or nutritional status of the leech. These results suggest that, at
a dosage of 100 ug/leech, all reserpine binding sites have become
saturated (Giachetti and Shore, 1978). Saturation of reserpine
binding sites is also suggested by the acute exposure experiments
shown in Figure 11B, where reserpine concentrations above 1
um produced little increase in amine depletion. The concentra-
tion of reserpine in leeches receiving 100-ug injections of re-
serpine (40-165 um if equally distributed throughout the body)
would be higher than the concentration apparently producing
saturation during direct acute exposure of the nervous system.
Although we were not able to demonstrate reserpine-induced
octopamine depletion due to technical limitations, such deple-
tion was demonstrated in 2 other leech species (Webb and Or-
chard, 1980).

Although recovery from reserpine treatment is a relatively
slow process in all species, recovery in the leech seems especially
stow. Following the initial depletion, amine levels showed very
little recovery for approximately 1 month (Figs. 2, 3). Amine
levels then recovered very slowly, and at 200-300 d following
reserpine injection, serotonin levels were only at 50-60% of
control levels, while dopamine was at 20% of control levels. In
some mammalian preparations, complete recovery of amine
levels can occur in less than 1 week (Carlsson et al., 1963;
Dahlstrom and Haggendal, 1969). Even after chronic reserpine
treatment, some recovery of amine levels in mammals is visible
within 1 week, with a return to near normal levels taking 1-2
months (Higgendal and Lindqgvist, 1964). In other inverte-
brates, recovery from reserpine-induced amine depletion is slow
compared to mammals, but is faster than in the leech. In the
cockroach, recovery of amine levels was visible within 1 week
of reserpine treatment; amine levels were normal in 2—-4 weeks
(Sloley and Owen, 1982). Octopus shows a slower rate of re-
covery than the cockroach, but recovery is visible 16 d after
reserpine administration, though the time necessary for com-
plete recovery is unknown (Juorio and Killick, 1972). One rea-
son for the relatively slow rates of depletion and recovery of
amines in the leech may be that the reserpine was injected into
the leech crop, an organ designed for long-term storage of blood
obtained through feeding. Reserpile may be slowly released
from the crop over a prolonged time span. Reserpine produces
amine depletion through irreversible binding to the amine trans-
locator on storage organelles; recovery is dependent on the syn-



thesis of new organelles (Slotkin, 1974). Thus, another plausible
explanation for the slow recovery of amine levels is that leeches
may synthesize new storage organelles at an unusually slow rate
(Slotkin, 1974).

Histological correlates of reserpine-induced amine depletion

Depletion of amines was clearly indicated by glyoxylic acid-
induced fluorescence and neutral red staining; both of these
methods showed decreases in staining intensity following re-
serpine treatment (Fig. 4) that closely paralleled HPLC-deter-
mined serotonin and dopamine levels (Figs. 2, 3). However,
there were 2 differences between the 2 methods of staining: First,
the intensity of neutral red staining more closely reflected the
seasonal variation of serotonin levels. Second, intense neutral
red staining was occasionally still present 2-3 d after the leech
was injected with reserpine, whereas glyoxylic acid-induced flu-
orescence was always eliminated at this time. These differences
may be due to the fact that neutral red and glyoxylic acid-
induced fluorescence produce staining” through different
mechanisms. Glyoxylic acid reacts with the amine molecule
itself to produce a fluorophor (Moore and Loy, 1978). The phys-
ical basis for the staining of amine-containing cells by neutral
red is unclear, but it has been suggested that neutral red binds
to amine binding sites and receptors (Nemes et al., 1979). This
suggests that the cellular element stained by neutral red is at
least somewhat independent of the amine content of the neuron.
Our finding that neutral red staining could still be quite intense
when serotonin levels have been depleted to quite low levels by
reserpine indicates that neutral red staining is not an infallible
indicator of amine content in the stained cells.

General effects of reserpine on behavior

Reserpine treatment caused drastic alterations of many behav-
iors of the medicinal leech. As is true of many other animals,
reserpine-treated leeches are inactive and hyporesponsive. Re-
serpine-induced hyporesponsiveness or sedation has been noted
in mammals (Higgendal and Lindgvist, 1963; Brodie et al.,
1966; Higgendal et al., 1967), insects (Robertson, 1976; Sloley
and Owen, 1982; Murdock et al., 1985; Brookhart et al., 1987),
and molluscs (Juorio, 1971; Juorio and Killick, 1972). Reser-
pine-treated leeches had increased body wall tonus, and their
movements were stiff and unnatural, probably due to serotonin
depletion. Serotonin causes relaxation of leech body wall mus-
cles and thus would produce reduced body wall tonus (Mason
and Kristan, 1982). In addition, serotonin increases the relax-
ation rate of body wall muscles following muscle contraction.
Hence, leeches with reduced serotonin levels would be expected
to have increased body wall tonus and to have difficulty pro-
ducing rapid alterations in muscle tension.

The roles of dopamine and octopamine in the control of leech
behavior are largely unknown. In addition, the effects of amine
depletion on other neurotransmitter systems is unknown. Oc-
topamine is able to induce swimming activity in leeches as well
as locomotion in other invertebrates (Kinnamon et al., 1984;
Sombati and Hoyle, 1984; Belanger and Orchard, 1988; Hash-
emzadeh-Gargari and Friesen, 1989). Although both octopa-
mine and serotonin can induce swimming in the leech, these
amines do not always have similar actions because, in several
other invertebrate systems, serotonin and octopamine have op-
posite actions (Kravitz et al., 1980; Horvitz et al., 1982). The
role of dopamine in invertebrates is largely unknown; however,
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the importance of dopaminergic systems in mammalian motor
control is well documented (Yurek and Sladek, 1990).

Effects of reserpine treatment on biting behavior

Biting behavior was restored to reserpine-treated leeches by
bathing them in pond water containing serotonin or dopamine,
but not octopamine (Fig. 8). However, in both reserpine-treated
and normal leeches, bath application of serotonin or dopamine
at a high concentration or for a long exposure time produced
smaller increases in biting behavior than lower concentrations
and, in fact, sometimes produced inhibition of biting behavior
below control levels (Figs. 7, 8). Our observation of a biphasic
effect of serotonin on biting behavior of normal leeches (Fig. 7)
closely parallels the results of Lent and Dickinson (1984). In
contrast to our results (Figs. 7, 8), Lent and Dickinson (1984)
were not able to demonstrate an augmentation of biting behavior
utilizing 30 uM dopamine. However, in our experiments, much
higher dopamine concentrations, approaching 1 mm, did pro-
duce an augmentation of biting (Fig. 7B). At present, it is unclear
why high concentrations of serotonin and dopamine (or long
exposure times) result in decreased biting behavior. Two general
mechanisms for these effects are easily imagined: First, high
amine concentrations (or long exposure times) could produce
receptor desensitization whereby the amine-induced excitatory
drive for biting behavior would be lost as desensitization oc-
curred. Second, biting behavior could be under both excitatory
and inhibitory control. At low amine concentrations (or short
exposure times), only the excitatory control may be activated,
while at higher concentrations (or long exposure times), the
inhibitory control could be activated as well.

It has been suggested that serotonin functions generally to
modulate feeding in many diverse phyla (Lent et al., 1989).
Although serotonin is important in many different feeding sys-
tems, the specific actions of serotonin are not identical in all
systems. Some similarity of the role of amines in regulating
feeding behavior in leeches and blowflies is suggested by the
finding that reserpine reduces the responsiveness of leeches (Fig.
6) and blowflies to food stimuli (Murdock et al., 1985; Brookhart
et al., 1987). However, the effects of amine neurotransmitters
on feeding are not identical in blowflies and leeches. Reserpine
induces hyperphagia in blowflies when offered highly stimulat-
ing food (Murdock et al., 1985). This is in contrast to leeches,
where higher serotonin levels cause increased meal size (Lent
et al.,, 1988). There are several other differences between the
regulation of feeding by amines in leeches and blowflies. In the
leech, both serotonin and dopamine, but not octopamine, in-
crease biting behavior (Figs. 2, 3). In contrast, octopamine in-
creases, whereas serotonin and dopamine decrease, the respon-
siveness of blowflies to food stimuli (Long and Murdock, 1983;
Long et al., 1986). Even within the insects, the role of particular
amines may vary; for example, depletion of serotonin by 5,7-
DHT reduces the size of meals in the blood-sucking insect Rhod-
nius (Cook and Orchard, 1989).

Both dopamine and serotonin increased biting behavior in
the leech; however, the effect of serotonin occurred at concen-
trations 1-2 orders of magnitude lower than that of dopamine
(Fig. 7). Similarly, the effects of serotonin on the Retzius cells
are known to occur at concentrations 1-2 orders of magnitude
lower than dopamine (Sunderland and Leake, 1980). Whether
the effects of each amine are mediated through specific serotonin
and dopamine receptors is unclear; however, it has been sug-
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gested that serotonin and dopamine act on the same amine
receptor in leech Retzius cells (Sunderland and Leake, 1980).

Effects of reserpine treatment on swimming activity

Because either acute (Hashemzadeh-Gargari and Friesen, 1989)
or chronic reserpine treatment eliminates the expression of
swimming activity in isolated nerve cords, we expected that
reserpine treatment would eliminate swimming from intact an-
imals. Unexpectedly, reserpine treatment increased the duration
of swim episodes evoked by the sensory stimulation caused by
transferring a leech to a new container (Fig. 9). This finding
raises 2 questions: First, if swimming activity is dependent on
high serotonin levels as suggested by Willard (1981) and Glover
and Kramer (1982), how are reserpine-treated leeches able to
swim at all, given the almost complete depletion of serotonin?
Second, given that reserpine-treated leeches can swim, why do
they swim more than controls?

The effect of reserpine on swim duration was not reversed by
bathing the leeches in serotonin, dopamine, octopamine, or his-
tamine (Fig. 104). This is perhaps not surprising because both
serotonin and octopamine have been shown to have stimulatory
effects on swimming activity (Willard, 1981; Glover and Kra-
mer, 1982; Belanger and Orchard, 1988; Hashemzadeh-Gargari
and Friesen, 1989). These excitatory effects may have been fur-
ther augmented by the development of receptor supersensitivity
in the amine-depleted animals. However, the fact that higher
concentrations of serotonin or dopamine were necessary to in-
duce biting behavior in reserpine-treated than in normal leeches
(Figs. 7, 8) argues against receptor supersensitivity as a causative
factor in the increased swim duration of reserpine-treated leech-
es. It remains possible that these amines may also have inhib-
itory effects on swimming activity, and that the excitatory effect
predominates under our testing conditions.

The reduction of amine levels induced by reserpine is due to
inhibition of storage mechanisms; however, amine synthesis still
continues (Slotkin, 1974). The ability of reserpine-treated leech-
es to swim was apparently due to the very low level of residual
amines still present in the nerve cord. When the actions of the
residual amines were blocked in intact reserpine-treated leeches
by the amine antagonist cyproheptadine, swimming activity was
eliminated (Fig. 10B). This hypothesis is strengthened by the
finding that isolated nerve cords from reserpine-treated leeches
do not express swimming activity, apparently because the re-
sidual amines diffuse from the nerve cord until they are lowered
below an effective concentration (O’Gara et al., 1989). Thus, it
appears that not only do amines facilitate the expression of
swimming activity, but that swimming activity cannot occur
unless amines are present in the nervous system in sufficient
concentrations.

Even if the hypothesis that swimming activity of reserpine-
treated leeches is dependent on residual amines is correct, an
explanation of why these leeches swim more than normal is still
lacking. One possibility is that reserpine treatment produces a
loss of inhibitory control over swimming. This is suggested by
the observation that reserpine-treated leeches often do not stop
swimming when exposed to stimuli that stop swimming in nor-
mal leeches. Inhibitory control over swimming by the cephalic
ganglia has been demonstrated (Brodfuehrer and Friesen, 1986;
O’Gara and Friesen, 1987), though the mechanisms producing
this inhibitory control are unknown.

Reserpine-induced amine depletion from isolated nerve cords

Acute exposure of isolated nerve cords to reserpine demonstrat-
ed both concentration and time dependence of dopamine and
serotonin depletion (Fig. 11). The threshold concentration of
reserpine necessary to produce amine depletion was between
0.1 and 1 um (Fig. 11B); however, little additional depletion
was evident at reserpine concentrations above 1 uMm (Fig. 11B),
suggesting that the reserpine binding sites saturate at about |
uM (Giachetti and Shore, 1978). Reserpine-induced amine de-
pletion appears to be most rapid at initial exposure, rather than
during longer incubation times (Fig. 114). This reduction in
depletion rate may reflect the ability of reserpine to deplete a
small labile pool during the first few hours and a larger, phys-
iologically inert pool at longer time intervals (Carlsson, 1964;
Giarman et al., 1964). Changes in the small labile pool are
apparently responsible for changes in neural function following
reserpine treatment (Higgendal and Lindqvist, 1964). This would
explain the results of Hashemzadeh-Gargari and Friesen (1989),
who found that a 4-hr reserpine treatment abolished swimming
activity from isolated leech nerve cords even though serotonin
levels, as determined here, were only depleted by approximately
25%.

We have developed an easy, reliable method for inducing a
profound and prolonged depletion of amine neurotransmitters
from the nervous system of the leech through a single injection
of reserpine. Amine levels were depleted to less than 1% of
normal for a period exceeding 1 month. Biting behavior was
eliminated by reserpine treatment and could be restored by
treatment with serotonin or dopamine but not octopamine. In
contrast to biting behavior, reserpine treatment increased the
duration of swimming evoked by sensory stimuli. This increase
was not reversed by amine treatment, but swimming was elim-
mated by the amine antagonist cyproheptadine, suggesting that
swimming was dependent on residual amines in the nerve cord
following reserpine treatment. The fact that reserpine-treated
leeches swam more than normal suggests that amines also have
a role in the inhibition of swimming activity.
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