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Abstract:
To better understand the neural mechanisms for human physiology, an
invertebrate’s control on its cardiovascular system should be investigated. The leech’s
heartbeat is controlled by segmental ganglia and has a phase delay in its peristaltic
heartbeat pattern. This thesis hypothesized a neuromodulator, dopamine, can disrupt the
phase delay by affecting inhibitory post synaptic potentials (IPSP). We dissected the
leech, isolated a chain of ganglia onto a petri dish, and placed it onto a rig to record
synaptic potentials. We recorded and analyzed the ganglia when submersed in saline,
dopamine, and saline rinse. We looked at HN4/HN7 phase delay on HE8/HE12 of
segmental ganglia. Our results showed dopamine had no effect on any HN/HE pair,
except HN 7 and HE 8, HN 4 and HE 8, and HN 7 and HE 12. For HN 7 and HE 8, there
was a significant difference in spike-triggered average, area under the IPSP curve, and
resting potential between control and rinse. Moreover, there was a significant difference
in area under the IPSP curve between control and saline rinse. HN4/HE8 and HN7/HE12
had a significant difference in IPSP size before dopamine and during saline rinse.
Overall, the weak synapse between HN 7 and HE 8 might not be due to dopamine
because the dopamine effect was not seen in the stronger synapses before and during
dopamine (HN4/HE8 and HN7/HE12). We cannot fully conclude dopamine has a
significant effect on the synaptic strength between HNs and HEs without more research
done.
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Introduction:
Neurobiology
Neurobiology is a unique subject to investigate because of its complexity. The
human brain is not fully understood, so scientists want to create a neuronal model
capturing all the networks associated with physiological functions. The central nervous
system elicits common locomotion humans use on a daily basis. Some rhythmic
locomotion includes: running, breathing, swimming, walking, etc. In the long run,
neuroscientists want to learn how the human brain can induce motor patterns. The
importance of understanding how to stimulate movements in the brain can help an
individual achieve a certain behavior. For example, humans who have spinal cord injury
could have an alternate way of regaining function loss at the neuronal level (Behrman and
Harkema, 2000). Further investigating how the nervous system works can lead to groundbreaking discoveries.
Central Pattern Generators in Humans
Little is known about how vertebrates generate rhythmic motor function. Studies
on stimulating a certain region of the human spinal cord in paraplegic patients have
shown results indicating there are neurons associated with the human central pattern
generator (CPG) (Dimitrijevic, Gerasimenko, and Pinter, 1998). The CPG sends
particular signals to motor neurons to either contract or relax muscle to generate rhythmic
behaviors (Wenning et al., 2018). This investigation suggests there can be neuronal
inputs in a patterned or non-patterned way to either the central or peripheral nervous
system that can produce rhythmic locomotion in the lower part of the human body.
Paraplegic patients undergo treadmill activities to stimulate neuronal inputs to the CPG
5
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through repetitive locomotion (Duysens and Van de Crommert, 1998). In a cat, studies
have shown four CPGs, one for each limb, in the spinal cord producing a locomotor
pattern even when a specific part of the spinal cord is severed (Duysens and Van de
Crommert, 1998). The motor pattern seen in cats only resembles normal locomotion with
no feedback from the sensory system, so it is said to be ‘fictive locomotion’ (Duysens
and Van de Crommert, 1998). Some CPGs can produce fictive locomotion (Wenning et
al., 2014).
Humans do not have enough evidence to tell what kind of neuronal system
regulates motor output (Wenning et al., 2014). In recent studies, a four cell-model has
been developed to represent a CPG for bipedal motor activities, including: walking,
running, and skipping, where one set of cells control left lower limbs and another set of
cells control right lower limbs (Pinto and Golubitsky, 2006). However, it is not widely
accepted to represent the CPG in humans. Because of this, scientists cannot fully
comprehend the neuronal circuitry involved in vertebrate CPG. Now, scientists must take
a step forward and look into a less complex neuronal system to better understand all the
characteristics of a CPG. The two most well studied neuronal systems are seen in the
invertebrates, decapod crustacean and leech (Wenning et al., 2014; Harris-Warrick et al.,
1992).
Hirudo Species Nervous System
The neural circuits of invertebrates are hard-wired through each species making it
easy to identify specific neurons within the system (Lamb and Calabrese, 2011). Each
invertebrate has neurons that can be easily identified making it an easy model to study.
Although invertebrates seem to be hard-wired, the system can be modulated.
6
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Neuromodulators, such as serotonin or dopamine, can modulate the nervous system in
invertebrates, which can alter locomotion (Norris et al., 2007a).
Scientists use these simple organisms to investigate the functions of each neuron
on motor patterns. One of the purposes of this study is to organize and map out neuronal
networks of an invertebrate relating to behavior and movement. Some invertebrates’
nervous system produces a rhythmic behavior where most of the body moves in a
continuously repetitive motion, which is seen in crawling or swimming (Delcomyn,
1980). This kind of coordination is achieved through synaptic connections between
oscillators of the CPG and the motor neurons (Hill, Masino, and Calabrese, 2002). This
thesis investigates an invertebrate called the leech (Hirudo species) and its rhythmic
heartbeat.
The leech is a hermaphroditic segmented worm native to Europe (Whitlock,
O’Hare, Sanders, and Morrow, 1983; Skit and Trontelj, 2008). The leech can also be used
as an anti-blood clotting tool; this relates to its name as medicinal leech, or Hirudo
medicinalis (Whitlock, O’Hare, Sanders, and Morrow, 1983). However, there has been
recent controversy about the similarities in taxonomy between the Hirudo class sold for
research, so in this study the leech will be classified as Hirudo species (Siddall et al.,
2007).
The leech’s simplicity gives researchers a new outlook on motor output. The
leech’s nervous system contains 32 segmental ganglia that run along the ventral side of
the leech; each segment contains one ganglia, or brain, to allow communication and
control of body movements (Kristan, Calabrese, and Friesen, 2005). Specifically, there
are 21 mid-body segmental ganglia (Figure 1). The other eleven ganglia make up either
7
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the head brain or tail brain. Seven out of the eleven ganglia combine to make the tail
brain and four out of the eleven ganglia combine to create the head brain (Figure 1). Each
ganglion is comprised of about 400 paired neurons (Calabrese, Nadim, and Olsen, 1995).
These ganglia control leech’s locomotion.
Cardiovascular System of Hirudo Species
A leech is an invertebrate used as a model organism because of their simple
neural and cardiovascular circuits (Lamb and Calabrese, 2011). The leech’s heartbeat has
a unique regulatory system that is feedforward. The leech’s heartbeat CPG neurons react
with the motor neurons, which constricts or relaxes the muscles along the heart tubes
(Wenning et al., 2018). The closed vascular network is comprised of two heart tubes that
run laterally along the leeches; one heart tube contracts at a near synchronous manner,
while the other heart tube beats peristaltically (Lamb and Calabrese, 2011).
Central pattern generator is the producer of the rhythmic output pattern seen in the
leech heartbeat and is wired in such a way the heart interneurons (HN) inhibit heart motor
neurons (HE), which causes relaxation in heart muscle cells (Norris et al., 2007a; Garcia
et al., 2008; Kristan, Calabrese, and Friesen, 2005). Specifically, HNs in ganglia 3 and 4
are known as oscillators of the CPG because their inhibition produces a rhythmic pattern
seen as the leech heartbeat (Schutter et al., 2005). The heart motor neurons fire
continuously unless they are inhibited by the CPG neurons (Roffman, Norris, and
Calabrese, 2011). A leech’s heart CPG and its relation between heart interneurons and
heart motor neurons can be seen in Figure 2. Two heartbeat patterns are seen because of
the processes behind this CPG. The peristaltic heartbeat happens through a rear to front
progression. In other words, the HN 7 will beat first because it is farther down the leech
8
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than HN 4. When this happens HN 7 strongly inhibits HE 12, which causes the IPSP to
occur first in HE 12 then in HE 8 (Norris et al., 2007a). The peristaltic heartbeat pattern
can be seen in the top half of Figure 3. The near synchronous heartbeat pattern happens in
an opposite way. Instead of HN 7 firing first, both HN 4 and HN 7 fire at the same time
causing the motor neurons to perform at the same time as well (Norris et al., 2007a). The
bottom half of Figure 3 involves this kind of near synchronous heartbeat pattern.
Specifically, on the peristaltic side, the anterior CPG neurons (ganglia 3-4) fire
after posterior CPG neurons (ganglia 6 and 7). When this happens, it causes the heart
motor neurons to beat in the same way, causing a rear to front peristalsis. The peristaltic
heart tube induces a pattern that runs posterior to anterior of the leech and lags behind the
synchronous rhythm (Thompson and Stent, 1976). An individual heart tube will beat
peristaltically for 20-60 heart beats (roughly 200-400s) and then switch to beating near
synchronously. It will continue to switch between peristaltic and near synchronous
modes (Kristan, Calabrese, and Friesen, 2005; Roffman, Norris, and Calabrese, 2011;
Figure 4).
The peristaltic rhythm in the CPG neurons is explained by the wiring of the
neurons in the CPG. Specifically, one of the two HN neurons in ganglion 5 is silent
while the other is active. The side with the silent HN 5 is peristaltic while the side with
the active HN 5 is synchronous (Kristan, Calabrese, and Friesen, 2005; Roffman, Norris,
and Calabrese, 2011). The peristaltic pattern in the HE motor neurons is more difficult to
explain. Figure 2A shows an overview of the synaptic connections the HNs have on the
HEs. All of the HNs have some influence on the HEs. Figure 2B focuses on the neurons
of interest, HN 4 to HE 8, HN 4 and HE 12, HN 7 to HE 8, and HN 7 to HE 12. As
9
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shown in figure 2B, HN 4 and HN 7 inhibit both HE 8 and HE 12. This would seem to
cause HE 8 and HE 12 to fire together. The solution to this problem is that HN 4 and HN
7 do not have equal synaptic strengths onto HE 8 and HE 12 (Norris et al., 2007a). The
synaptic strength is how strong the ability of presynaptic terminal of a cell affects the
postsynaptic terminal of another cell (Norris et al., 2007b). In this case, we are looking at
heart interneurons synaptic strength to inhibit heart motor neurons through ion channel
opening or closing. Previous work has shown that HN 4 inhibits HE 8 much more
strongly than HN 7 does and HN 7 inhibits HE 12 more strongly than HN4 (Norris et al.,
2006; Norris et al., 2007a; Norris et al., 2007b; Figure 5). Because of the differences in
synaptic strength, the HE motor neurons fire in a rear-to-front progression on the
peristaltic side.
These observations have led to the overall lab hypothesis that the degree of
peristalsis in the HE12 and HE8 motor neurons (known as the phase lag) is determined
by the phase lag in the HN4 and HN7 CPG neurons and the synaptic strengths between
the neurons. In other words, if HN4 only inhibited HE8 and HN7 only inhibited HE12,
then the phase lag between HE 8 and HE12 would be equal to the phase lag between
HN4 and HN7. If HN4 and HN7 both inhibited HE8 and HE12 equally, there would be
no phase lag between HE8 and HE 12. The rear to front delay between the HEs is some
fraction of the rear to front delay between the HNs based on the differences of synaptic
strength (Norris et al., 2007a). The way to test it is to change the rear to front progression
of HNs or change the synaptic strength between the HNs to HEs. Previous research has
failed to alter rear to front progression of HNs, so this thesis work has taken the approach
of using a neuromodulator to change the synaptic strengths (Zinda, 2017). We will
10
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investigate the inhibitory postsynaptic potential seen in the heart motor neuron in relation
to action potential bursts in the heart interneurons.
Dopamine as a neuromodulator in humans and in the leech
The human brain contains dopamine receptors that are important in sexual
activity, learning, behavior, and locomotion. Insufficient dopamine levels in the brain can
lead to neurological diseases, such as Parkinson’s or Huntington’s disease, which leads to
impaired locomotion (Beninger, 1983). Consuming drugs that block dopamine receptors
lead to decrease in motor activity and consuming drugs stimulating the dopamine
synapses lead to increase in motor activity. Reduction in dopamine does not necessarily
mean complete loss of locomotion. Individuals with impaired dopamine synapses can
retain some movements under a strong stimulus. For example, individuals diagnosed with
Parkinson’s diseases can easily move at a normal rate with stressful stimulus (Beninger,
1983). How dopamine accomplishes movements is not well understood in vertebrates and
is being investigated in the leech’s locomotion.
Various modulators have been tested to see a leech’s movement, but none of the
neuromodulators have changed the rear to front progression in the HNs (Zinda, 2017).
For example, serotonin effects on the leech showed an increase in frequency of
swimming, yet the neurophysiological mechanism behind it was unknown (Willard,
1981). Other neuromodulators were seen to keep the phase constant. In other words,
phase constant means heart rate increases but the phase delay does not. Dopamine
stimulates crawling in the leech and is a controller of locomotion in a variety of animals
(Puhl and Mesce, 2008). It is known that dopamine does not change phase delay on heart
interneurons yet, there is little known on the effects of dopamine on synaptic strength in
11
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the heart interneurons and motor neurons. Dopamine was selected for experimentation
because not only does it stimulate motor behavior in single ganglion, but it can also
stimulate movement throughout the whole leech (Puhl and Mesce, 2008).
Dopamine is a catecholamine that regulates motion of the leech. Dopamine works
with the leech’s brain interneuron, Tr2, to inhibit or activate motor patterns. Specifically,
dopamine can inhibit swim movements and stimulate crawl movements (Crisp and
Mesce, 2004). There is uncertainty about the activation and inhibition of motor output by
dopamine. One study suggests different timing patterns of the heartbeat cause movements
to be inactivated or activated in presence of dopamine (Crisp, Gallagher, and Mesce,
2012). It has been suggested that the leech has a subtype of dopamine receptors that allow
the change of behavior when exposed to dopamine such as increase neuron firing
frequency and excitability (Crisp, Gallagher, and Mesce, 2012). This study investigates
dopamine stimulation of neuron activity on synaptic strength and its effect on the phase
relationship seen in the peristaltic heartbeat pattern.

12
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Purpose of Investigation
Our overall goal is to understand neuronal control of physiological functions in an
invertebrate model and to use it to help study human neural control of behavior and
movement. The leech’s peristaltic heartbeat has a phase delay in the heart interneurons
due to inhibition strength from the CPG neurons to the motor neurons. Understanding the
cause of phase delay will help scientists better understand neuronal control on the leech’s
heartbeat. As a major step toward this goal, we have investigated how dopamine can
disrupt phase delay in heart interneurons through modulation of synaptic strength.
The hypotheses of this thesis are:
1) Dopamine will modulate the synaptic strengths between HNs and HEs
2) Synaptic strengths will return to baseline after dopamine is rinsed out
We used spike-triggered average to measure and analyze the size of the IPSP, area
under the IPSP curve, and resting membrane before, during, and after dopamine.
We used paired t-tests to calculate these differences.

13
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Methods:
Leeches and Solutions
The leeches (Hirudo species) was bought and acquired from Leeches.biz and
Niagara Leeches. The leeches were stored at 15°C man-made pond water. The leech was
sedated on an ice-cold dissection tray and dissected ventral side down in cold leech
saline. The leech saline was prepared beforehand with 115 mM NaCl, 4.0 mM KCl, 10
mM Glucose, and 10 mM HEPES, at a pH of 7.4 adjusted by 1N NaOH. 1.8 mM CaCl2
was added to the solution after fixing the pH to 7.4 (Norris et al., 2006). A chain of
ganglia from ganglia 3 to ganglia 13 was dissected out of the leech and pinned out on a
saline filled 60-mm petri dish lines with Sylgard (Roffman et al., 2012). The chain of
ganglia was pinned out ventral side up. A micro scalpel was used to desheath the specific
ganglia to be recorded.
The petri dish was constantly super fused with the leech saline at 250 ml/hour
keeping the saline volume in the petri dish at 6-8 mL (Roffman et al., 2012). The
experiment was conducted at room temperature. The heart interneurons and heart motor
neurons were identified based on location, size, and action potential bursts on the ganglia
(Figure 6).
Extracellular and Intracellular Recording
Extracellular and intracellular electrodes were pulled using a Flaming/Brown
micropipette puller from borosilicate glass. The borosilicate glass comes from A.M.
systems and started off with an inner diameter of 0.75 mm and outer diameter of 1mm
(Norris et al., 2007a). Intracellular recordings used sharp electrodes (20-30 MΩ) filled
with 2M KAc and 20 mM KCl to penetrate heart motor neurons. The intracellular
14
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recordings were through the Axoclamp-2A amplifier (Roffman et al., 2012). The
electrode potential was monitored when the intracellular electrode enters the bath leech
saline. The electrode potential was zeroed on the membrane voltage using the input offset
of the amplifier. The potential for recording inhibitory postsynaptic potentials in the heart
motor neuron will be kept at -35 mV to -45 mV (Norris et al., 2007a).
Extracellular electrodes were pulled to match the size of a heart interneuron cell
body (20 μM) (Norris et al., 2007a). These saline-filled electrodes recorded
extracellularly via suction. The electrode was placed in a suction electrode holder and the
tip will be brought in to the dish to carefully touch the specific heart interneuron cell
body. Suction was applied slowly until the whole heart interneuron was sucked into the
electrode, but not where the cell detaches from the ganglia. A.M. system’s A.C. amplifier
was used to record extracellularly with a gain of 10k, low pass of 100 Hz, and high pass
of 1 kHz (Roffman et al., 2012). Brownlee’s 400 amplifier was used to amplify the signal
more with a gain of 1 to 5. All amplifiers were connected to Matlab and Chart5 for
Windows to record action potentials in HN and IPSP in HE.
Rig Set-Up
Once the Petri-dish is placed on the rig with the electrodes in the proper place, the
recordings began. The electrodes can only do one heart interneuron and one heart motor
neuron at a time. Each experiment was a single pair of HN and HE. The extracellular and
intracellular recordings must stabilize before starting the recording for the control effects
(saline). Twelve to fifteen heartbeats were recorded. Next, an addition of 10 mL of 1x106

M dopamine was superfused at 250 ml/hr for a given amount of heartbeats (Zinda,

2017). After the dopamine is finished, the bath was rinsed for 15 minutes with saline.
15
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Data Analysis
In every case, we extracellular recorded from one HN (4 or 7) and intracellular
recorded from one HE (8 or 12). A typical recording can be seen in Figure 7. All data will
be presented in mean±standard error. Paired t-test was used to compare spike triggering
average, area under the IPSP curve, and the resting potential under different conditions
(before dopamine, during dopamine, and rinse) with each HN/HE pair (HN4/HE8,
HN4/HE12, HN7/HE8, and HN7/HE12).
We used a paired T-Test to compare the control effects (saline) with the
experimental effects (dopamine) on the synaptic strength between the different pairs of
heart interneurons to the heart motor neurons (HN4/HE8, HN4/HE12, HN7/HE8, and
HN7/HE12). In addition, we used a paired T-Test to compare the control effects (saline)
with the wash out (saline). This comparison was used to understand if the ganglia
returned to its normal state. Microsoft Excel will quantify these findings through paired ttests. We compared the size of IPSP through calculation of spike triggering average
between the identified pair of HN to HE. Area under the curve of the IPSP and average
resting membrane potential were calculated. Dr. Michael Wright prepared a computer
script in Matlab to identify spike-triggering average of IPSPs from the bursts of HN, the
area under the curve of the IPSPs, and resting membrane potentials. All credit goes to Dr.
Michael Wright for the coding and script for the data analysis.
Chart5 for Windows leaves raw data as a chart file. For Michael Wright’s code to
work, the chart file must be converted to data text files and imported into Matlab. The
first part of the code will upload the text file into Matlab and reproduce the raw data
similar to the one seen in Chart5, which is visually represented in Figure 7. For each
16
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experiment, a range from the lowest peak to the tallest peak must be incorporated into the
script so the code recognizes spikes of HN at given times. Then, the code will recognize
these spikes as bursts and obtain the IPSPs from each identified spike. The script was
coded to ignore the first 5 and last 5 spikes within each burst.
Spike triggered average was calculated through Michael Wright’s script in
Matlab. Dr. Wright’s code takes all the spikes within each HN bursts and measures the
voltage in the HE recording for a fixed window of time after the spike. A typical
recording to observe the HN action potential and HE IPSP is seen on the bottom portion
of Figure 7. Matlab’s coding takes a certain spike with this much data output and
averages it together with all the other spikes for that specific time range. The code
generates a figure that looks like the top part of Figure 8. Time 0 represents where the
HN spikes and prior studies have shown the relation between HN spike firing and the HE
IPSP. The time it takes the spike of HN to reach the HE is around 20-30ms per ganglia,
so each pair can be distinguished based on the time the IPSP is generated from the 0 mark
(Norris et al., 2007a; Norris et al., 2007b, Norris et al., 2006). The spike triggering
average can be calculated for each experiment through Microsoft Excel by taking the
difference of the maximum and minimum peaks (represented as the difference between
the blue lines in the top figures of Figure 8) of the average IPSP. The spike-triggered
average looks at the effects the presynaptic neuron has on channel opening/closing of the
postsynaptic neuron. The area under the IPSP curve was measured to notice everything
besides the opening/closing of channels. Furthermore, the code will find the area under
the curve of the average IPSP in each experiment. Average resting potential was
quantified by identifying the maximum peak seen in the spike triggered average IPSP
17
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curve. The maximum peak value was used to keep the data consistent. The resting
potential was analyzed to identify any non-synaptic effects that occurred.
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Results:
For every recording, we recorded from one HN to one HE, which generated four
different pairs (HN4/HE8, HN4/HE12, HN7/HE8, and HN7/HE12). Each pair was
compared between various conditions: before dopamine, during dopamine, and saline
rinse. All data is presented as mean±standard error. An example of a typical extracellular
and intracellular recording is seen in Figure 7. For each HN/HE pair, the spike triggered
average, area under the IPSP curve, and resting membrane potentials were measured. A
paired T-test of the spike triggered average, area under the IPSP curve, and resting
membrane potentials of saline (control), dopamine (treatment), and wash between the
different pairs was completed to understand if dopamine at concentration of 1x10-6M has
an effect on motor output. This thesis will focus on the comparison between: (1) control
and treatment and (2) control and wash to understand if the leech heart can return to its
normal state. 10 experiments were prepared for HN4/HE8, 6 experiments were prepared
for HN4/HE12, 7 experiments were prepared for HN7/HE8, and 7 experiments were
prepared for HN7/HE12 for further analysis.
A typical diagram of spike triggered average for one of the HN/HE pair is seen in
the top part of Figure 8 and the peak of IPSP is measured by the difference between the
peak and trough (represented as lines) of the IPSP. Figure 8B shows the integrated
voltage for the spike triggered IPSP.
I tested the effects of dopamine on the HN 4 to HE 8 synapse. Prior to dopamine,
the resting potential in the HE was -39.46±3.48 mV. In the presence of dopamine, the
resting potential was -40.61±4.15 mV. These readings were not significantly different
(t=1.31, df=9, p=0.22) (Figure 9A). After rinsing, the resting potential was -39.57±7.08
19
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mV. This number was not significantly different from the control (t=0.22, df=6, p=0.83)
(Figure 9A). The size of the spike triggered average IPSP was also measured for HN4 to
HE8. The size of IPSP for HN4/HE8 before dopamine was 4.40±0.70 mV and during
dopamine was 4.31±0.76 mV. These numbers were not significantly different (t=0.78,
df=9, p=0.45) (Figure 9B). The size of the IPSP following the rinse was 2.69±0.63 mV.
This was significantly different from the control (t=3.56, df=6, p=0.01) (Figure 9B). The
integrated voltage of the IPSP (area under the curve) for HN4/HE8 before dopamine was
35.35±9.45 mV·sec and during dopamine was 38.68±10.99 mV·sec. These results were
not significantly different (t=0.90, df=9, p=0.39) (Figure 9C). The integrated voltage
following the rinse was 22.89±8.95 mV·sec. This number was not significantly different
from control (t=-1,24, df=6, p=0.26) (Figure 9C).
Then, I looked at the effects of dopamine on the HN4 to HE12 synapse. Prior to
dopamine, the resting potential in the HE was -39.26±3.35 mV. In the presence of
dopamine, the resting potential was -48.50±5.05 mV. These readings were not
significantly different (t=1.44, df=5, p=0.21) (Figure 10A). After rinsing, the resting
potential was -47.27±3.86 mV. This number was not significantly different from the
control (t=2.58, df=2, p=0.12) (Figure 10A). The size of the spike triggered average
IPSP was also measured for HN4 to HE12. The size of IPSP for HN4/HE12 before
dopamine was 2.15±0.33 mV and during dopamine was 3.10±0.97 mV. These numbers
were not significantly different (t=-0.87, df=5, p=0.43) (Figure 10B). The size of the
IPSP following the rinse was 1.55±0.55 mV. This was not significantly different from the
control (t=0.98, df=2, p=0.43) (Figure 10B). The integrated voltage of the IPSP (area
under the curve) for HN4/HE12 before dopamine was 48.15±18.22 mV·sec and during
20
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dopamine was 45.30±11.82 mV·sec. These results were not significantly different (t=0.12, df=5, p=0.91) (Figure 10C). The integrated voltage following the rinse was
28.40±12.85 mV·sec. This number was not significantly different from control (t=-1.30,
df=2, p=0.32) (Figure 10C).
Dopamine effects on the HN7 and HE8 synapse were investigated. Prior to
dopamine, the resting potential in the HE was -38.55±2.47 mV. In the presence of
dopamine, the resting potential was -40.08±3.45 mV. These readings were not
significantly different (t=1.07, df=6, p=0.32) (Figure 11A). After rinsing, the resting
potential was -49.71±4.29 mV. This number was a significantly different from the
control (t=2.67, df=5, p=0.04) (Figure 11A). The size of the spike triggered average
IPSP was also measured for HN7 to HE8. The size of IPSP for HN7/HE8 before
dopamine was 2.94±0.46 mV and during dopamine was 2.58±0.44 mV. These numbers
were not significantly different (t=1.29, df=6, p=0.25) (Figure 11B). The size of the IPSP
following the rinse was 1.52±0.39 mV. This was highly significantly different from the
control (t=5.59, df=5, p=0.003) (Figure 11B). The integrated voltage of the IPSP (area
under the curve) for HN7/HE8 before dopamine was 56.20±15.21 mV·sec and during
dopamine was 38.82±11.31 mV·sec. These results were significantly different (t=-3.56,
df=6, p=0.01) (Figure 11C). The integrated voltage following the rinse was 29.39±8.70
mV·sec. This number was significantly different from control (t=-3.23, df=5, p=0.02)
(Figure 11C).
Dopamine effects on the HN7 and HE12 synapse were investigated. Prior to
dopamine, the resting potential in the HE was -39.67±4.31 mV. In the presence of
dopamine, the resting potential was -38.67±5.13 mV. These readings were not
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significantly different (t=-0.26, df=6, p=0.80) (Figure 12A). After rinsing, the resting
potential was -36.95±4.00 mV. This number was not significantly different from the
control (t=-0.95, df=6, p=0.38) (Figure 12A). The size of the spike triggered average
IPSP was also measured for HN7 to HE12. The size of IPSP for HN7/HE12 before
dopamine was 3.98±0.63 mV and during dopamine was 3.29±0.64 mV. These numbers
were not significantly different (t=1.50, df=6, p=0.18) (Figure 12B). The size of the IPSP
following the rinse was 2.79±0.55 mV. This was significantly different from the control
(t=2.47, df=6, p=0.05) (Figure 12B). The integrated voltage of the IPSP (area under the
curve) for HN7/HE12 before dopamine was 40.90±5.85 mV·sec and during dopamine
was 41.32±8.69 mV·sec. These results were not significantly different (t=0.05, df=6,
p=0.96) (Figure 12C). The integrated voltage following the rinse was 27.08±3.94
mV·sec. This number was not significantly different from control (t=-2.21, df=6,
p=0.07) (Figure 12C).
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Discussion:
The overall purpose of these paired experiments were to quantify and calculate if
dopamine has an effect on the synaptic strength or phase delay of the leech HN and HE
on its heartbeat. Throughout the experiments, saline (control) and dopamine (treatment)
were compared along with saline (control) with saline after dopamine (rinse) to see if
IPSP peak, area under the curve of the IPSP, or resting membrane potential changed
depending on HN and HE. Although previous studies identify a stronger synaptic
connection is observed between HN 4 and HE 8, rather than HN 7 to HE 8, dopamine
seem to have little effect on this pair. However, there was some significant change of
spike triggered average, area under the curve, and resting membrane potential in HN 7
and HE 8.
The hypothesis of this thesis is the phase delay between HE 12 and HE 8 is part of
the delay between HN 4 and HN 7 and the difference in synaptic strength can be change
with a neuromodulator, dopamine. To test this hypothesis previous studies investigated
the change distance between the HN 4 and HN 7 and found no change (Zinda, 2017).
This paper investigates if dopamine can change the synaptic strength between HN and
HE. If dopamine can change synaptic strengthen then it should change the distance of the
HN and HE.
Dopamine showed an effect on HN 7 and HE 8
Throughout all experiments, dopamine showed little to no effect on each HN/HE
at different treatments, except for the pair HN 7 and HE 8. HN 7 and HE 8 showed a
significant difference in all three categories we investigated: spike triggered average, area
under the IPSP curve, and the average resting membrane potential. There was a
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significant difference in the spike-triggered average of HN 7 and HE 8 before dopamine
and during the saline rinse, a significant difference in the area under the IPSP curve
before and during dopamine, and a significant difference in the average resting
membrane potential before and during saline rinse. However, there was no significant
difference in the average resting membrane potential in HN 7 and HE 8 before and during
dopamine. For HN 4 and HE 8 and HN 7 and HE 12, there was a significant difference in
IPSP size between before dopamine and during saline wash. These results could suggest a
number of things, which will be described in the following sections.
The size of the IPSP in the spike triggered average measures if there was a
difference in the amount of transmitter released by the HN causing chloride channels to
open or close in the HE, indicating how far the membrane potential travels (Goldman,
1943). A bigger IPSP indicates more chloride channels being open in the HE. In this case,
HN7/HE8 showed a significant decrease in the size of the IPSP before dopamine and
during the saline rinse. Smaller IPSP size suggests less chloride channels are opening or
there is the same amount of channels opened, but there is a less of a leak current out of
the cell.
Area under the IPSP curve identifies other factors that may not be seen in the size
of the IPSP. For example, dopamine may cause the same amount of transmitter release by
HN during an action potential, or spike, but there may be a change in the duration of
channel opening. The opening of the channels may be faster or slower. This is seen in the
significant difference in the area under the IPSP curve in HN 7 and HE 8 before
dopamine and during dopamine and before dopamine and during saline rinse. These
results suggest there is another factor playing a role than just the opening and closing of
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the ion channels. To confirm that dopamine was the main factor of this change and not
saline itself, we investigated the resting potential between the three treatments.
Resting potential focuses on the non-synaptic effects that happen between HN and
HE. For example, if there was a change in dopamine treatment compared to normal
saline, but the resting potential does not change, then it suggests a change in amount of
neurotransmitter released by the HN and not the amount of leak. If dopamine exposure
changes the resting potential then it affects the amount of current in the cell. A membrane
potential change means the driving force changes, thus the size of IPSP changes (Norris
et al., 2007a). The resting potential deemed no significant difference between before
dopamine and during dopamine meaning that any changes in IPSPs and control must be
due to a dopamine effect. However, there was a significant difference in the resting
membrane potential between the control and rinse. Since there was a significant
difference in resting membrane potential, the significant difference seen in the spike
triggered average and area under the IPSP curve imply a different current coming in or
out of the cell.
Since the resting membrane potential between before dopamine and during
dopamine are not significantly different then it suggests it is due to a spike in dopamine
exposure. HN 7 and HE 8 had a significant difference in area under the curve between
these control and dopamine treatment. Since the area under the IPSP curve significantly
decreased, it suggests there is some type of change in release/reuptake of
neurotransmitter or duration of opening/closing of the channels. The size of IPSP did not
significantly change, implying the HN cells are releasing the same amount of
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transmitters, which is affecting the same number of chloride channels in HE cells
(Goldman, 1943).
Even though the results were clearly significant, it is not clear if this is an
important effect. The weak synapse between HN 7 and HE 8 might amplify minor
fluctuations seen before, during, and after dopamine. If dopamine was a major influence,
then we expect the synapse between HN 4 and HE 8 and HN 7 and HE 12 would have
been affected as well. Specifically, if the effect of dopamine were presynaptic on this
synapse, we would also expect to see the same thing between HN 7 and HE 12. If
dopamine had a postsynaptic effect, then we would see a change between HN 4 and HE
8.
Dopamine showed a significant difference in size of IPSP between HN4/HE8 and
HN7/HE12
Dopamine showed one significant difference in IPSP size between HN4/HE8 and
HN7/HE12. Although there was a significant decrease in IPSP size between these two
pairs, significant difference was not seen in area under the IPSP curve or resting
membrane potential. These differences suggest there may have been a smaller amount of
chloride channels opened before dopamine and during saline rinse. Moreover, these
results may just suggest the ganglia did not return to baseline after being washed with
saline.
Overall, dopamine seemed to have some effect on the delay in HEs based on the
delay in HNs and synaptic strength in the peristaltic heartbeat pattern. If we look back at
the hypothesis of this paper, we cannot confirm dopamine modulated the synaptic
strengths of phase delay seen in the HNs and HEs. The determination on how far apart
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the HNs are is due to how strongly each inhibits the HEs (Norris et al., 2007a). More
investigating should be done on the interaction between HN 7 and HE 8 when exposed to
dopamine. Another future suggestion is to try and apply dopamine in one of the synapse
through superfusion of dopamine in one HE and not the other. For example, we could
superfuse dopamine into ganglia 12, but not ganglia 8 to see if this causes a change
between the two to shift.
In conclusion, this paper suggests dopamine does not affect the phase of the
neuron. These results seem inconclusive that dopamine would have a significant effect on
the different synapses. Therefore, dopamine is not likely the modulator to test the lab
hypothesis concerning the production of phase delay in HE motor neurons without more
experimentation.
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Figure 1: Anatomy of the leech. Identifies the ganglia present in the leech and the
numbering associated with it (Norris et al., 2007a).
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A)

B)

Figure 2: An overall visual CPG diagram of the known circuitry of heart interneurons
(HN) and its synaptic connection with heart motor neurons (HE) in A and the heart
interneurons and motor neurons we are focusing on in this paper in B. Each number
represents segmental ganglia in the leech; one set of numbers represent the left heart tube
and the other set of numbers represent the right heart tube (Norris et al., 2006).
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Figure 3: Synaptic connections between HN and HE. The known action potential bursts
seen in heart interneurons 4 (green) and 7 (blue) and known heart motor neurons 8 and 12
(black) between the two heartbeat patterns: peristaltic (top) and synchronous (bottom)
(Norris et al., 2007a).
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Figure 4: The switch between peristaltic (left side of the switch) to synchronous (right
side of the switch) heart beat pattern. The middle spike is indicated by the asterisks. The
dash line is the zero site for each phase. Thus, the distance from one dash line to the other
indicates one beat. It is seen HN 4 fires after HN 7 fires in peristaltic mode, while HN 4
and 7 fire at a near synchronous rate in the synchronous heart beat pattern (Norris et al.,
2007a).
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Figure 5: HNs synaptic strength on inhibiting HE 8 and 12 during peristaltic heartbeat.
HN 4 shows a higher synaptic strength compared to HN 7 in inhibiting synaptic strength
shown on the left. HN 7 shows a higher synaptic strength compared to HN 4 in inhibiting
synaptic strength shown on the right (Norris et al., 2007b).
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Figure 6: Ventral aspect of a leech ganglia. Green circles represent the heart interneurons
on left and right side of the ganglia. These are places where extracellular electrodes will
come in. Red circles represent heart motor neurons on the left and right side of the
ganglia. These are places where intracellular electrodes will come in (Lamb and
Calabrese, 2011).
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Figure 7: An example of raw extracellular recording of heart interneuron 4 (red) and
intracellular recording of heart motor neuron 8 (blue) before dopamine from the lab.
Bottom portion is a magnified version of HN 4L and HE 8L.
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Figure 8: An example of a spike triggered average and area under the IPSP curve
between heart interneuron 4 on the left side and heart motor neuron 12 on the left side.
Spike triggered average can be seen in parts A1-A3, the difference between the blue lines
was calculated. A1 is a spike triggered average before dopamine, A2 is during dopamine,
and A3 is after dopamine. Area under the IPSP curve, in this case HE 12, can be seen in
parts B1-B3. B1 is area under the IPSP before dopamine, B2 is during dopamine, and B3
is after dopamine. The 0 second mark represents when the heart interneuron spikes.
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Figure 9: Dopamine had an effect on the synapse between HN 4 and HE 8. Resting
Potential (A) and IPSP integrated voltage (C) remained unchanged. IPSP size (B) had a
significant difference between before dopamine and rinse. Results shown are
mean±standard error. * = p<0.05; ** = p<0.01; paired t-test.
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Figure 10: Dopamine had no effect on the synapse between HN 4 and HE 12. Resting
Potential (A), IPSP size (B) and IPSP integrated voltage remained unchanged. Results
shown are mean±standard error. * = p<0.05; ** = p<0.01; paired t-test.
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HN7/

Figure 11: Dopamine had a signficant effect on the synapse between HN 7 and HE 8.
Resting Potential (A), IPSP size (B) and IPSP integrated voltage changed. Results shown
are mean±standard error. * = p<0.05; ** = p<0.01; paired t-test.
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Figure 12: Dopamine had an effect on the synapse between HN 7 and HE 12. Resting
Potential (A) and IPSP integrated voltage (C) remained unchanged. IPSP size (B) had a
significant difference between before dopamine and rinse. Results shown are
mean±standard error. * = p<0.05; ** = p<0.01; paired t-test.
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