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MORIN, P.-P., ].-L.. VERRETTE, J. J. DODSON AND F. Y. DORE. Computer-automated method to study cardiac
conditioning to a chemical cue in young salmon, PHYSIOL BEHAYV 39(5) 657-664, 1987.—An apparatus was designed in
which young Atlantic salmon {Salmo salar) are rapidly conditioned to reduce heart rate using a chemical-electric shock
conditioning procedure. A chemical calibration system permitting efficient stimulus control is described as well as the
electronic systems and computer software used to control all events of an experimental session and to quantify cardiac and
chemical data. Efficient stimulus control and computer-automated recording techniques minimize inter-trial intervals and
the time required for the measurement and analysis of cardiac responses. Data are presented showing that 15-month-old
Atlantic salmon can be trained to reduce by 209% their heart rate to the synthetic chemical morpholine within 5 training
trials whereas 10-month-old fish did not do so until 15 training trials.
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SINCE the pioneering work of Malyukina and Marusov [8],
only a small number of studies have used cardiac condition-
ing to investigate chemosensory perception in fish and few
technical innovations have been reported that enhance the
efficiency of the conditioning technique or the quality of
chemical stimulation and cardiac data quantification. Inves-
tigators evaluate the dilution rate and the distribution pattern
of a chemical substance, used as a conditional stimulus, by
visually assessing the dispersion of dye from a distant source
to the fish [2, 3, 7] or by measuring absorbance of dyed
aliguots sampled near the fish head with a spectrophotome-
ter [4-6]. Although calibration with a spectrophotometer is
an obvious technical improvement over the visual
dispersion-time method, no attempts have been made to
provide a more precise and direct measurement of chemical
dilution and distribution in a closed-circuit water system. In
addition, slow flushing rate (between experimental trials) of
the conditional stimulus as well as poor knowledge about its

distribution pattern in test chambers have prevented inves-
tigators from using short inter-trial intervals (less than 3 min)
which may be advantageous in certain experimental designs.
Long inter-trial intervals ranging from 5 min [4, 5, 7] to 20
min [6] have been reported. The only known study to have
used a shorter inter-trial interval (2.5 to 3.5 min) was that of
Sandoval [12].

Before the first heart rate data are available for analysis in
the context of an experiment, time-consuming effort is tradi-
tionally spent on surgically implanting electrodes and labori-
ously measuring inter-beat intervals recorded on pen
physiographs [4-6, 12, 14]. The only known study on
chemoreception using computer technology for cardiac data
collection and treatment is that of Hirsch [3]. However, this
investigator was unable to record reliable cardiac signals on
computer without inserting electrodes subcutaneously in the
cardiac region.

We have developed computer software and hardware as
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well as electronic systems and devices to study chemosen-
sory perception and learning in young salmon using a cardiac
conditioning procedure. Qur initial goal was to minimize
inter-trial intervals and the time required for cardiac re-
sponse measurement and analysis. In this paper, we describe
(1) an apparatus with several components allowing stimuius
control and data analysis; (2) a calibration test using a saline
solution; and (3) two experiments on cardiac conditioning to
a chemical substance.

APPARATUS

Figure 1 illustrates the experimental layout of apparatus,
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It is composed of a test chamber, a modular instrument sys-
tem and a chemical calibration system all connected to a
microcomputer. The test chamber receives three different
water inputs. The main input is dechlorinated water drawn
from the head tank (surface level 0.6 m above the test
chamber) and flowing by gravity to a straight horizontal 1.5
m long PVC pipe {internal diameter 49 mm), which was long
encugh to reduce turbulence and to produce an established
flow before reaching the test chamber. Flowing water is
evacuated through a straight horizontal 0.5 m long PVC out-
let pipe. Water velocity is measured by a Pitot tube just
before the test chamber. It is kept constant (20.47 mm/sec)
during an experimental session by a regulating valve situated
at the extremity of the outlet pipe.

The second input to the test chamber delivers either water
pumped from the head tank or a chemical substance used as
a stimulus pumped from a 4-1 erlenmeyer flask containing
aerated stock scolution. The erlenmeyer flask was placed in
the head tank such that the stock solution and water in the
head tank were maintained at the same temperature. A small
silicone tube (internal diameter 3.175 mm) is connected to
the head tank and a second tube is affixed to the stimulus
stock solution to be tested. Each tube is attached to a
pneumatic solenoid valve (Aro Inc., part number 5424-39-02
and 5427-39-02). They converge to a main tube allowing the
injection of small quantities of either water or stock solution
into the test chamber by a peristaltic pump (Cole Parmer
Inc., part number 7553-00) equipped with a standard head
(part number 7016-21) and controlled by a Masterflex vari-
able speed drive (6 to 600 rpm). The third input to the test
chamber is water running from the head tank through a
medium-size silicone tube (internal diameter 6.477 mm) into
the test chamber. It is used for perfusing the gills of fish. A
small two-way valve and a Dumont flow meter (Cole-Parmer
Inc., part number C3230-14) controls gill perfusion (300
ml/min}.

The test chamber is equipped with stimulating electrodes
for delivering conditioning shock and cardiac monitoring
clectrodes connected to a modular instrument system as well
as electrodes used for chemoelectrical detection which are
connected to a chemical calibration system. Both systems
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FIG. 3. Block diagram showing connections between modules of the Modular Instrument System. Arrows indicate direction of

current, input source and output destination.

are used simuitaneously although they are separately con-
nected to the computer. A black box surrounds the test
chamber eliminating any external visual disturbance which
may stimulate the fish.

Test Chamber

The 205 mm long cylindrical test chamber is made of clear
acrylic plastic (Fig. 2). It has an 8 mm wall with an inside
diameter of 44 mm. The head section of the test chamber
houses a ¢ylindric glass insert which is pierced for the entry
of a glass tube used for gill perfusion as well as an entry for a
pair of stainiess steel chemoelectrical detection electrodes.
The head section also contains a glass tube for chemical
injection. Glass was used instead of plastic to allow free
flowing of the stimuius molecules which could otherwise
stick to walls. Inside diameters of the chemical injection and
gill perfusion tubes are 1.5 mm and 4 mm respectively. The
distance between the injection tube and the fish snout is 40
mm. Gill perfusion tubes (Ace Glass Inc., part number
7585-02 and 7585-04) are a two-piece system including a re-
movable inner mouthpiece and an outer supporting rod.
Several mouthpieces of different diameters (7 to 18 mm)
were blown in a workshop. They were made to fit jaws of
different-size fish. The two chemoelectrical electrodes are
made from 38 mm (25G) hypodermic needles with an in-
sulating coat of varnish applied at one end, leaving an un-
coated 6 mm tip at the fish’s nostril level. The distance be-

tween these electrodes is 3 mm while the fish’s snout is lo-
cated 5 mm away.

The end section of the test chamber is used (o hold the
fish in position for adequate physiological monitoring and
stimulation. It is composed of a rubber-sealed wall partition
which can be removed for access to the chamber. The end
section is also equipped with an immobilizing device ad-
justable from the outside by means of four teflon screws.
This fish holder is made of acrylic plastic on which is glued 3
mm of neoprene {(nylon on beth sides). Small 6 mm and 10
mm gold-plated disc electrodes used for monitoring heart
rate or for electrically stimulating the fish are embedded in
small depressions made in the neoprene. These electrodes
are placed in pairs on each side of the fish while the ground
wire lies loose in water beyond the test chamber. When the
test chamber is to be used for an experimental session, high
vacuum grease (Corning Inc.) is first applied on each rubber
seal. The wall-partition closes the chamber and two hose
clamps seal it off. Finally, the test chamber is inserted in the
main water line and secured with stainless steel bolts at both
flanged ends.

Modular Instrument Svstem

The modular instrument system (MIS) is a commercial
electronic system (Coulbourn Inc.) that can be used for a
variety of behavioral and physiological experiments. The
MIS is composed of electronic modules connected to a solid
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FIG. 4. Circuit diagram of the conductivily-monitoring device.

state power supply, all mounted on an equipment rack.
Meodule functions and input/output signals are powered with
+12 V, —12 V and —28 V DC. Connections between elec-
tronic modules of the MIS are shown in Fig. 3. The MIS is
used for control functions and for data acquisition.

As a control system, the HI GAIN BIOAM-
PLIFIER/COUPLER medule amplifies and filters cardiac
analog signals which are converted to digital signals by a
coupled BIPOLLAR COMPARATOR module. Digital signals,
the pulse duration of which is set at 100 msec by a ONE
SHOT module v are sent to the microcomputer by a COM-
PUTER QUTPUT module. These signals initiate and drive a
clock mechanism embedded in the computer to allow se-
quence programming. A COMPUTER INPUT module re-
ceives digital signals from the computer and sends them
towards relays (AND GATE and OR GATE modules) or
directly to a POWER DRIVER module to (a) produce elec-
trical shocks; {b) activate solenoid valves; (¢) send cardiac
signals to 4 chart recorder; and (d) generate a sound con-
verted cardiac signal.

Data acquisition using the MIS is quite simple. It occurs
through the HI GAIN BIOAMPLIFIER/CQOUPLER, BIPO-
LAR COMPARATOR, ONE SHOT and COMPUTER
OUTPUT modules before cardiac signals are digitized and
processed in the computer software. Non-commercial mod-
ules are also included in the MIS. Fish receive shocks of
variable intensities (0 to 100 mA) from a SHOCK
STIMULATOR module while the cardiac rhythm can be
heard from a SPEAKER module.

Differential amplifier |
{ gain x 10}

From the MIS, a ribbon cable is attached to a 16-pin
socket of a parallel interface board (John Bell Engineering
Inc., board number 79-295). The parallel board is plugged
into slot number 2 of the microcomputer and was used to
handle computer input as an interval timer ¢ounting heart
beats or to control the MIS by sending output signals to the
peripheral devices.

An external on/off switch controls a real time clock-
interrupt language-machine program. An experimental ses-
sion may be initiated or stopped with the interrupt switch.
One wire from the switch was soldered to the nonmaskable
interrupt line (NMI) located at the back of the parallel inter-
face board while another wire was soldered to a small filled
hole located on the main board of the computer. This tabis a
60 Hz vertical retrace pulse for the video circuitry. The NMI
line prevents any access to the disk drive and the printer
during an experimental session.

Computer software used for the MIS are three Applesoft
BASIC programs (SAUMON, READSAUMON and
TREATSAUMON), one of them (SAUMON) being com-
pleted with clock-interrupt driven routines written in 6502
assembly language. Besides controlling sequential events of
an experimental session, SAUMON reads digital-converted
heart rate signals and store data in memory while READ-
SAUMON AND TREATSAUMON synthesize results be-
fore statistical analyses. Computer programs were de-
veloped for an Apple I microcomputer with 48K RAM
memory and at least one disk drive (DOS 3.3).
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Chemical Calibration Svstem

The chemical calibration system (CCS) picks up the elec-
trical conductivity of a saline solution detected by a pair of
stainless steel electrodes and sends an output signal to the
computer where it is digitized. This electronic system is
composed of an independent power supply (15 V AC), a
conductivity-monitoring device and a low frequency sine
wave generator. The heart of the CCS is the conductivity-
monitoring device (Fig. 4). A sine wave (100 Hz, 600 ochms)
is generated and its amplitude is proportional to the electric
potential generated when water conductivity is picked up by
the chemoelectrical detection electrodes. As it flows through
the circuitry, the potential acts as an AC signal which is
amplified, transformed into a DC signal and finally adjusted
to measure small variations in water conductivity,

The CCS output is wired to an analog-to-digital converter
(John Bell Engineering Inc., interface board number 81-132)
plugged in slot number 5 of the microcomputer, Wires are
connected to pin number 1 (channetl 1) and to pin number 135
{reference/ground) in the dual line socket of the analog-
digital interface board. The input voltage range of the con-
verter is from 0 to 5.12 V and the output conversion prints
digit numbers ranging from 0 to 255 representing 20 mV in-
crements. Careful voltage measurement was done before
cach chemical calibration test. A signal exceeding the 5.12 V
level and sent to the analog-to-digital converter will perma-
nently damage the interface board. Computer software for
the CCS (CALCHIM and READCHIM) are used for reading
channels of the analog-to-digital converter and for storing
digitized data in memory.
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CALIBRATION TEST WITH A SALINE SOLUTION

Success in inducing rapid and consistent heart rate condi-
tioning to a chemical stimulus which dilutes through a mass
of water relies mainly on well-designed stimulus control and
monitoring techniques. The efficiency of the calibration
chemical system (CCS) was verified over a calibration ses-
sion with a live curarized fish in the test chamber. A 0.1%
saline solution was injecled into the chamber to study its
dilution and dispersion pattern.

Preliminary adjustments of the pump speed and of the
CCS were done to generate digit numbers, ranging from 0 to
5, in the computer memory. Percentages were eventually
attributed to ecach digit so that results could be expressed in
terms of percent of maximum conductivity detected by the
chemoelectrical detection electrodes. These values were
used to calculate an average curve from 20 individual cali-
bration curves.

A trial begins with a 5 sec opening of the chemical valve
(closing of the water valve} which feeds 7.3 ml of the saline
solution towards the injection tube of the test chamber. The
chemoelectrical detection electrodes detect the saline solu-
tion 8 sec following closure of the chemical valve. Chemical
conductivity of the solution is recorded on computer and on
the chart recorder for 20 sec following its initial detection. A
fixed 60 sec inter-trial interval is used over a 20 trial session
and the pump speed (109.4 rpm} is constant. After the 20 trial
session, electric conductivity is directly measured from the
0.1% stock solution.

Results in Fig. 3 show an average calibration curve
(means and standard deviations) calculated from 20 trials
which indicates little variation between trials. When first
detected, the saline solution quickly reaches its maximum
concentration within roughly a two-second period. Then, the
concentration decreases gradually towards a non-detectable
level approximately 10 sec following initial detection of the
chemical signal. In addition, a comparison of the maximum
conductivity measured during calibration with that of the
0.1% stock solution revealed that the chemical stimulus is
diluted by a factor of 15 when it reaches the chemoelectrical
detection electrodes.

The time interval between the conditional and uncondi-
tional stimuli influences the rate at which experimental sub-
jects acquire a conditioned response. Delayed conditioning,
characterized by the presence of the conditional stimulus
persisting until the onset of the unconditional stimulus, is the
most efficient type of temporal relationship inducing rapid
acquisition of a learned response [1]. In addition, a short
delay between stimuli produces a more rapid acquisition of a
learned response than does a long delay [9]). The control of
the chemical stimulus (conditional stimulus) provided by the
chemical calibration system permitted us to establish a
short-interval delayed conditioning procedure that preduced
rapid and consistent learning over time. In addition, knowl-
edge of the flushing rate of the chemical stimulus permitted
us to minimize mter-trial intervals.

Our results on the dispersion pattern of a saline solution
injected into a test chamber indicate that the chemical cali-
bration curve is characterized by a rapid dispersion rate with
little variation between trials. We assume that any chemical
substance injected at a low concentration in the test chamber
disperses in the same way as the 0.1%: saline solution used
for calibration. To insure that chemical stimuli were effi-
ciently controlled in different conditioning situations, the
chemical calibration procedure using a 0.1% saline solution
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was done weekly as well as before each experiment.

Best results for cardiac conditioning were obtained when
the shock stimulus was initiated 8 sec after the initial detec-
tion of the chemical morpholine as its concentration declined
to 3% (1.14x 107 M) of its maximum value. This low con-
centration level is above the sensory threshold of one species
of salmon, Oncorhynchus kisutch, (2.1x10 ® M) in heart rate
conditioning experiments [3]. Preliminary experiments con-
firmed that a conditioned response was more difficult to ob-
tain if the shock was applied before or after the 8-sec interval
following chemodetection.

EXPERIMENT 1

In experiment 1, the rate of acquisition of a cardiac con-
ditioning response to the synthetic chemical morpholine was
examined in 10-month-old fish.

Method

Nine 10-month-old Atlantic salmon (10.1 to 11.2 cm, total
length) were acquired from the Tadoussac salmon hatchery
(Government of Quebec, Canada). The fish were housed ina
closed-circuit 300 | aquariem one month prior to experimen-
tation. Water (10 to 11 degrees C) was renewed weekly and
fish were fed daily with a mixture of shrimps, crabmeat and
scallops. The animals were maintained on an 8§ light- 16 dark
photoperiod.

Each fish was anesthetized with 1% methyl pentynol for 2
to 4 min until gill movement ceased. The fish was quickly
measured, weighed and injected in the dorsal musculature
with  d-tubocurarine chloride (Abbot Laboratories,
Montreal, Canada), 0.002 mg/g body weight. Curare
paralysis occurred after recovery from anesthesia and ap-
proximately 15 min after injection. The fish was placed in the

MORIN ET AL.

40 | ‘
4—— Morphaline cenditioning
#—— Morpholine random - pairing
| |
........ ——-_—-—-—-—_—'—-I
=
2
a
=
k-]
4
ar
- 20 N
* AN
S N
£ \\
) N
\\
10— “~ -
\
™~
LS
————— -
—_———— ]
Q

Blocks of trials

FIG. 7. Meuan percentage in heart rate reduction per block of five
trials in three groups of six 15-month-old Atlantic salmon tested
under different conditioning situations.

test chamber with cardiac electrodes positioned under pec-
toral fins and with the mouthpiece adjusted for adequate gill
perfusion.

Animals were allowed to habitvate for a period of 35 min
in the test chamber before learning trials commenced. A trial
begins by injecting into the test chamber 7.3 ml of 5.7x 102
M morpholine with a 5 sec opening of the chemical valve.
Applying the dilution factor calculated during the chemical
calibration test, we estimate that fish are exposed to a
maximum concentration of 3.8x 103 M, Sixteen sec after the
closure of the chemical valve (see data on chemical calibra-
tion: 8 sec before initial detection of the chemical stimulus +
8 sec during detection), fish received a 2 sec mild electric
shock stimulus. Intensities of each shock stimulation (28 to
46 mA) were adjusted during the first trials to reduce heart
rate to an average of 10 beats per min.

Subjects were equally divided into three groups. Experi-
mental subjects from the morpholine-conditioning group
were presented with morpholine followed by a shock
stimulus while the control water-conditioning group was
presented with distilled water followed by a shock. A third
group of subjects was used to contrel for pseudocondition-
ing. This random-pairing group was characterized by a com-
plete randomized stimulus presentation [11]. Shock stimu-
lation randomly preceded or followed chemical stimulation
and the time interval separating both stimuli was also ran-
domized. All fish were tested over 20 trials and the inter-trial
interval (45 to 135 sec) was randomized to prevent inadver-
tent conditioning to temporal events.

For each training trial, inter-beat intervals (1BI) were re-
corded during an initial 8 sec period following closure of the
chemical valve and before the chemical reached the fish {IBI
before} and for the following 8-sec period during which the
chemical was present in the vicinity of the fish nares (IBI
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during). Percentage of cardiac deceleration was evaluated by
comparing the largest 1Bl before with the largest IBI during
chemical stimulation, according to the following formula:

IBI during x 100
IBI before

100 —

Results

Subjects from the morpholine-conditioning group de-
creased their heart rate over a 20-trial session whereas sub-
jects from the random-pairing or the water-conditioning
group did not (Fig. 6). Heart rate reduction between succes-
sive blocks of five trials was most often greater than 11% for
the morpholine-conditioning group (block 1 to block 2: 11.7%
and block 2 to block 3: 13.19%) but this reduction was always
smaller than 3% for the random-pairing group (block 1 to
block 2: 2.1%) and less than 1% for the water-conditioning
group (block 2 to block 3: 0.6%).

Statistical analyses were performed on blocks of five
trials. A two-way analysis of variance (groups X trials) with
repeated measures on the second factor showed an interac-
tion effect between factors, F(6,18)=3.51, p<0.05. A test for
simple effects showed overall significant differences be-
tween groups of subjects at block 3, F(2,24)=3.84, p<0.05, and
at block 4, F(2,24)=6.42, p<0.01. Paired comparisons between
blocks with the Duncan’s multiple-range test also revealed
significant differences at block 3 and block 4 between the
morpholine-conditioning and the morpholine random-pairing
group (p<<0.05) as well as between the morpholine-
conditioning and the water-conditioning group (p<<0.05).

One subject from the random-pairing group was particu-
larly sensitive to morpholine with heart rate reductions
reaching 53.7% within the first block of trials. Since there
were only three subjects per group, the overactive subject
influenced results obtained in the random-pairing group
which reduced heart rate by 9.3% for the first block of trials.
However, habituation occurred in this group as heart rate
reduction became less evident towards the end of the session
{block 3: 4.1% and block 4: 1.9%).

EXPERIMENT 2

In experiment 2, the rate of acquisition of the cardiac
response to morpholine was examined in 15-month-old fish.

Method

Twelve 15-month-old Atlantic salmon (11.0 to 13.2 cm,
total length) were equally divided into two groups: the
morpholine-conditioning and the morpholine random-pairing
group. The water-conditioning control group was deleted
from the experiment as no evidence of sensitization or
learning was detected in the previous experiment. Informa-
tion on subjects and experimental treatments are identical to
those described in experiment 1.

Results

Except for the first block of trials, subjects from the
morpholine-conditioning group reduced their heart rate con-
siderably more than subjects from the random-pairing group
(Fig. 7). Heart-rate reduction for the morpholine-
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conditioning group ranged from 24.2% to 31.3% across
blocks. Hear-rate reduction for the random-pairing group
reached a maximum of 19.5% (block 1) before steadily de-
creasing below the 109 level for block 2 (6.8%), block 3
(5.0%) and block 4 (3.5%). A two-way analysis of variance
(groups X ftrials) showed a main effect on groups,
F(1,1)=13.09, p<0.01, and for the group-trial interaction
F(3,300=4.35, p<0.05. A test on simple effects revealed sig-
nificant group differences for block 2, F(1,40)=11.6, p<0.01,
block 3, F(1,40)=13.3, p<0.01, and block 4, F(1,40)=13.7,
p<0.01.

GENERAL DISCUSSION

When trained to lower their heart rate to morpholine,
15-month-old fish (Fig. 7) reached a 209% level within the first
five trials whereas 10-month-old fish (Fig. 6) did not do so
until 15 training trials. Original responsiveness (first 5 trials)
in older fish from the random-pairing group was twice that of
younger fish although older fish took less time to habituate to
morpholine (between 6 and 10 trials) than younger fish {be-
tween 11 and 15 trials). Our results are consistent with those
of Walker [13] who found that Atlantic salmon yearlings
(19-month-old) are more capable than underyearlings (7-
month-old) of acquiring a conditioned motor activity in the
presence of morpholine. Different rates of responding to a
chemical stimulus between older and younger Atlantic sal-
mon have led us to further investigate olfactory learning and
imprinting mechanisms during early developmental stages
{manuscript in preparation).

We have been successful with our methodological ap-
proach in demonstrating rapid and consistent conditioning in
different age-group fish to a chemical cue efficiently moni-
tored and controlled in the laboratory. This provides an op-
portunity to suggest further research projects on
chemosensory perception in fish. Our method has already
been proposed as a research tool in salmon restoration
programs [10]. It can be used to identify the critical period
for olfactory imprinting which is essential for successful
homing of reproductive adults to their natal stream, An effi-
cient utilization of the olfactory imprinting procedure would
lead to improved stocking programs if the method allows a
better understanding of the physiological, behaviorali and
environmental factors influencing the critical period. Finally,
our automated and computerized approach to the study of
chemosensory perception in fish could be extended to other
research areas to include investigations of chemosensory
sensitivity and threshold determination, sublethal effects of
pollutants and of various learning phenomena.
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