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Summary

The effects of temperature on transmission through the
voltage-sensitive giant motor synapse (GMS) were
investigated in crayfish both experimentally and in
computer simulation. The GMS is part of the fast reflex
escape pathway of the crayfish and mediates activation
from the lateral giant (LG) command neurone to the motor
giant (MoG) flexor motoneurone. The investigation was
motivated by an apparent mismatch between the
temperature sensitivity of the activation time constant of
the GMS, with a Qio reported to be close to 11, and that of
the active membrane properties of LG and MoG, which are
thought to have Qovalues close to 3. Our initial hypothesis
was that at cold temperatures the very slow activation of
the GMS conductance would reduce the effectiveness of
transmission compared with higher temperatures.
However, the reverse was found to be the case. Effective

preparations. The upper limit was extended above 30°C in
semi-intact preparations where the GMS was less
disturbed by dissection. The results of experiments and
simulations both indicate that transmission becomes more
reliable at low temperatures because the longer-duration
presynaptic spikes are able to drive more current through

the GMS into the MoG, which is more excitable at low
temperatures. Conversely, effective transmission is
difficult at high temperatures because the transfer of

charge through the GMS is reduced and because the input
resistance of MoG is lowered as its current threshold is
increased. The effect of the high @ of the GMS activation

is to help preserve effective transmission through the
synapse at high temperatures and so extend the
temperature range for effective operation of the escape
circuit.

transmission through the GMS was reliable at low
temperatures, but failed at an upper temperature limit that
varied between 12°C and 25°C in isolated nerve cord

Key words: lateral giant, motor giant, rectifying electrical synapse,
crayfish,Procambarus clarkjiPacifastacus leniusculus

Introduction

Changes in temperature affect the rates of all biochemical It would appear that this latter situation characterises the
reactions, including synaptic activation and release, theynaptic relationship between neurones involved in the escape
activation and inactivation of ionic channels in membranes, an@ilflip of the crayfish. This behaviour is driven by two sets of
the conduction velocity of action potentials. Interactinggiant ‘command’ neurones, the lateral giant (LG) and the
neuronal and synaptic processes usually have similamedial giant (MG), which excite overlapping sets of abdominal
temperature sensitivities, so that comparable changes occurnrotor giant (MoG) flexor motoneurones. The excitation from
their rates of activation or inactivation as the temperature variethe LG and MG to the MoG is mediated in each hemisegment
For instance, the activation and inactivation rate constants bfy a powerful rectifying electrical synapse called the giant
the different ionic conductances in the squid giant axon all hawmotor synapse (GMS; Furshpan and Potter, 1959). The GMS
similar Quo values that are approximately equal to 3 (Hodgkirhas a relatively low (but non-zero) conductance when the
and Katz, 1949; Hodgkin and Huxley, 1952; Moore, 1958). Agostsynaptic MoG is iso-potential with, or depolarised relative
a result, changes in temperature induce changes in the scaledmfthe presynaptic neurones, but becomes highly conductive
the action potential, but have only a slight effect upon itsvhen LG or MG is depolarised relative to MoG (Furshpan and
waveform; an action potential at 6 °C approximates to a slowd?otter, 1959; Jaslove and Brink, 1986; Giaueneal. 1987;
version of the action potential at 20°C. Conversely, ifEdwards, 1998b). Voltage-clamp studies have shown that the
functionally linked neuronal processes have dissimilas Q rate of these voltage-dependent changes in junctional
values, there will be a tendency for changes in temperature tonductance is very dependent on temperature (Jaslove and
produce more major discontinuities in system output. Brink, 1986). At 19°C, the increase in junctional conductance
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induced by a 50 mV step depolarisation of the presynaptic ceflerve cord was cut away from the abdomen and pinned out in
followed a single exponential with a time constant of 0.4msa dish lined with Sylgard (Dow-Corning), and then covered
and the fall in conductance after presynaptic repolarisatiowith saline (Van Harreveld, 1936). The sheaths around the
followed the same time course. This time constant increased tonnective between the fifth (G5) and last (G6) ganglion,
7ms at 9.4 °C, suggesting that the conductance change followatbund the third nerve root (N3) of G2 and around the
a first-order reaction with a;@of 11 (Jaslove and Brink, 1986). connective between G1 and G2 were removed. A stimulating
The Qo values of the ionic mechanisms that support an LGelectrode was placed on the LG axon in the connective between
MG or MoG spike are not known. If they were like those of theG5 and G6, and bipolar extracellular recording electrodes were
squid giant axon and approximately equal to 3, the differencglaced on the LG axon in the connective between G1 and G2.
between this and the synaptigo®@f 11 suggested to us that a Intracellular recording electrodes were placed in the LG axon
functional mismatch might occur at low temperatures where thiea G2 and in the ipsilateral MoG at the base of N3 of G2, just
rectifying conductance would change very slowly relative to thepostsynaptic to LG (Fig. 1). The temperature of the preparation
duration of the presynaptic action potential. Calculation
indicates that the rectifying synapse time constaé:, would

change from 0.4ms at room temperature to 21ms at 5°C, Stimulus

whereas the duration of the action potential might only increase GsGe LG MoG CUe2
by a factor of 3. This led us to suppose that the synapse might (Fre) K (Post) é

fail to transmit effectively at low temperature because the GMS % x / 1

would respond too slowly for the presynaptic spike to initiate a ‘

significant increase in conductance. This would limit the GMS Proximal
depolarising synaptic current injected into the MoG through the (G2) third nerve

synapse and cause the MoG to fail to be excited at low
temperatures. At high temperatures, however, the synaptic time
constant would shorten so much that GMS conductance would
become effectively an instantaneous function of junctional Distal N3 and
voltage, and so the depolarisation of the presynaptic spike /_\j_[>fastflexor
would propagate rapidly and effectively to the postsynaptic muscle
neurone. This notion fits with casual observation of crayfish
behaviour: crayfish become sluggish and eventually paralysed
as the temperature drops.

We tested the suggestion that the GMS response would faiB
in the cold and be reliable at higher temperatures by testing the = Stimulus (1) Record LG pre (11) 200pm
effects of temperature on the LG spike and on transmission EV ¥
between the LG and MoG. We also used the available ~
guantitative descriptions of the GMS and the LG and MoG
neurones to develop a mathematical model of the
LG-GMS—MoG circuit that we used to analyse the effects of
temperature on the GMS. Contrary to our expectation, both the (37)
model and the experiments indicated that the high synapgic Q
preserves effective synaptic transmission at low temperatures
and extends it to a higher range of temperatures than would

otherwise be reached. Fig. 1. The arrangement of the lateral giant (LG), giant motor synapse
(GMS) and motor giant (MoG) in experiment and model. (A) Diagram

of the experimental arrangement, showing the stimulation and

Materials and methods recording sites on the LG and MoG (see Materials and methods). (B)

Experimental procedures Diagram of the multicompartment model, showing the set of short

Adult crayfish Procambarus clarkii and Pacifastacus segments of the LG neurone and MoG neurone that make up the model.

. : : : Each segment is flanked by a pair of nodes that are numbered,
leniusculuy were obtained from commercial suppliers and_""." ) . )
maintained at 18°C for at least 2 weeks before the animabegmnmg at the left (stimulus) end of the lateral giant (LG) chain of

. . . segments, from 1 to 50. The numbers of key nodes are shown on the
were used. No dn‘ference; inexperimental results Werfigure in parentheses. Each node is the locus of one compartment of
observed for these two species. the multicompartment model. The LG model contains 19 short

. segments (20 nodes); the MoG model contains 29 segments (30 nodes).

Isolated nerve cord preparations The stimulus site on one end of the chain of LG compartments and the
The animal was chilled in ice for 10 min or until it had ‘recording’ sites presynaptic and postsynaptic to the GMS in LG and
ceased voluntary movements, after which the abdomen wiMoG compartments are identified. The scale bar is approximate.
removed and the head was destroyed. The abdominal ventG1/G2, G5/G6, connectives between ganglia 1/2 and 5/6; N3, nerve 3.

<&Record M
3
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Table 1.Compartmental resistances of MoG compartments

Compartment Resistance Compartment Resistance Compartment Resistance Compartment Resistance Compartment Resistan

21 44.2 22 23.4 23 26.1 24 28.6 25 17.8
26 29.6 27 23.7 28 17.0 29 11.9 30 7.1
31 3.9 32 2.5 33 2.0 34 1.8 35 1.8
36 18 37 3.6 38 19.8 39 16.2 30 12.7
41 8.9 42 6.4 43 3.5 44 3.2 45 2.5
46 2.0 47 1.8 48 1.8 49 1.8 50 3.6

Each compartment of the model corresponds to one of the numbered nodes of Fig. 1B.

The compartmental resistances (ifQMof the LG compartments are: Compartments 1 and 20: 6@ 8ddmpartments 2—-19: 33.4M
The table should be read left-to-right in row sequence.

LG, lateral giant neurone; MoG, motor giant neurone.

was measured either by a calibrated thermistor or by a mercumhere each compartment represents an intersegmental node
thermometer placed immediately adjacent to the preparatioand half of each segment adjoining that node. Thirty
The preparation dish itself was secured on top of narrow pillarsompartments represented the MoG, including the
within a larger water bath, so that the sides and most of thmstsynaptic region, and the initial segment of the axon
bottom surface of the dish were exposed to the bath. Thecluding the first major branch (Fig. 1B). The electrical load
temperature of the preparation was adjusted by changing tloéthe multiple distal axon branches on the proximal portion of
temperature of the surrounding water bath. The preparatidhe MoG axon is represented in the model by a gradual increase
was allowed 1min to equilibrate following a change inin the lengths and diameters of the distal short cable segments
temperature, and then tested. of both major branches.

Isolated abdomen preparations Passive properties of the model

The abdomen was removed from the animal, and the The (leakage) resistance and capacitance were calculated for
cuticular ribs, soft cuticle and superficial (slow) flexor muscleeach compartment as the ratio and product, respectively, of the
were cut away ventrally to reveal the nerve cord and fast flex@pecific membrane resistancBmf and specific membrane
(FF) muscles. The preparation was pinned out in a Petri digtapacitance ¢m) to the membrane area of the neuronal
lined with Sylgard and immersed in crayfish saline. A bipolasegment represented by the compartm@nrtwas assumed to
stimulating electrode was placed on the cord adjacent to omgual JUFcnT2. Rn=Ttm/Cm, Where Tm is the measured
LG axon in the connective between G5 and G6 (Fig. 1A)membrane time constant (Edwards, 1&9Resistances for the
Bipolar recording electrodes were placed adjacent to LG in theG and MoG compartments are given in Table 1.
ipsilateral connective between G1 and G2, on the proximal The coupling resistance that links adjacent compartments is
portion of the ipsilateral N3 of G3, and more distally on thegiven by the product of the cytoplasmic resistivity and the
lateral and medial branches of that nerve. The distal third nensegment length, divided by the cross-sectional area. Coupling
electrodes were also in contact with the FF muscle innervatedsistances for both models are given in Table 2 for 10 °C.
by N3.

_ Spiking compartments
Computer modelling Because published descriptions of active membrane currents

Procedure for creating multicompartment models in the crayfish giant fibres and MoG are quite similar to those

A multicompartment model of a length of the LG axon, theof squid (Shrager, 1974; Bean, 1981; Wallin, 1966), the
GMS and the postsynaptic region of the MoG was created frotdodgkin—Huxley equations were used to describe the active
a series of linked short cable segments, each of whicmembrane properties of both LG and MoG compartmental
represented a corresponding section of neurite. The modelodels (Hodgkin and Huxley, 1952). The ionic equilibrium
contained three parts: a series of identical short cable segmeptstentials in the Hodgkin—Huxley equations were modified to
that represented a portion of the LG axon, a branching cabmuse the action potentials of both models to have a
structure that represented the postsynaptic and proximal axorg#polarising afterpotential and to cause the resting potential of
portions of MoG, and a rectifying electrical connectionthe LG model to be approximately 10—-15mV more negative
between the middle portion of the LG cable and the MoGhan that of the MoG model (Heitlet al. 1991). All other
model that represented the giant motor synapse (GM3Jspects of the Hodgkin—Huxley equations were unchanged.
(Fig. 1B). The 19 short LG cable segments togetheilhe equilibrium potentials were all set to values relative to an
represented a section of axon that was 4@000ong and initial condition of zero resting potential for all model
100um in diameter (Fig. 1B). The 19 short cable segmentsompartments. For the LG model, the equilibrium potentials
became 20 compartments in the multicompartment mode{E) were Ena=115mV, Ex=-14mV and E_ =-16mV,; for
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Table 2.Coupling resistances between MoG model calculating the concentration ratio that corresponds to each of
compartments these equilibrium potentials at 10°C. These concentration

Compartment Resistance Compartment Resistance atios were assumed to be mdepenq_ent. of tempergture, so that
they could be used to calculate equilibrium potentials at other
;;;g 8-812 temperatures according to the Nernst equation for each ion.

The temperature-dependence of the equilibrium potentials in

;i’gg 8:8;2 §imulation produced similgr small changes iq resting p(_)tential
25’26 0026 o5 38 0.013 in the two neurones. We did not note any obvious experimental
26:27 0.026 38:39 0.016 divergence from this outcome, although we did not examine
27,28 0.034 39,40 0.019 this issue in detail.

28,29 0.045 40,41 0.025 The temperature-dependence of the ionic membrane
29,30 0.068 41,42 0.038 conductances is assumed to be similar to that of squid. The
30,31 0.059 42,43 0.051 maximum conductances are governed byi@d®1.4 (Moore,
31,32 0.028 43,44 0.041 1958), and the rate constants of those conductances are
32,33 0.016 44,45 0.028 assumed to have a6of 3 (Hodgkin and Huxley, 1952). The
33,34 0.010 45,46 0.016  gpecific membrane conductance &) is also governed by a
34,35 0.010 46,47 0.010 Qioo0f 1.4, whereas the membrane capacitance hasaf Q.1

2223 8:818 j;:jg 8:818 (Palti and Adelman, 1969) and the cytoplasmic conductivity

has a @ of 1.3 (Guttman, 1970).
The rectification properties of the GMS are enhanced at
Each compartment of the model corresponds to one of th@levated temperatures and reduced at cold temperatures
numbered nodes of Fig. 1B. (Jaslove and Brink, 1986). This temperature sensitivity can be
The coupling resistances (in M between LG model simulated by equation 1 @maxis given a Qo of 1.1 andGmin
compartments (compartments 1,2 to compartments 19,20) are 0.0%5 given a Qo of 1.2. The temperature-dependence of the
MQ. kinetics of the GMS have also been described by Jaslove and
LG, lateral giant neurone; MoG, motor giant neurone. Brink (1986), who found that the junctional conductance
changed with a time constant equal to 7.5ms at 9.4 °C and had
a Qo of approximately 11 between 9 and 20°C. The time
MoG, they wereEna=115mV, Ex=-2mV and E_.=—4mV, constant was too short to measure at temperatures greater than
where EL is the effective equilibrium potential for the 20°C. Consequently, changesGpare described in the model

49,50 0.010

combined leakage channels. as following first-order kinetics with a time constanéct (in
The ionic conductances of each compartment vary accordings), that is described by the equation:
to the membrane area that the compartment represents. The Trect= 7.5/{11(T-9.4Y10} @)

maximal ionic conductances were equal to the product of the

membrane areas and the maximal ionic conductance densitigbereT is temperature (in °C) over the temperature range from

(in uS cnT?) specified in the Hodgkin—Huxley equations. 5 to 34°C. We assume that theoQs constant over this
temperature range, although it has only been measured

The giant motor synapse explicitly over the range 9—20°C.
The trans-synaptic conductanc&j, of the GMS is _
represented by the equation: Numerical method

The coupled differential equations that describe
compartmental voltage and current flow in the model were
(Giaumeet al.1987), wheréd is 0.15mV1, Vo is 5mV,Gmax  Solved numerically using a fifth-order Runge—Kutta integration
is 6.67uS andGmin is 0.67uS. Gmin is the minimum (shut) procedure with variable time steps (Forsyghel. 1977).
synaptic conductanceGmax is the maximum (fully open)
synaptic conductance, ang is the trans-synaptic potential Initiation of a presynaptic spike
(Vpre—Vpos) at which the trans-synaptic conductance is half- The first 15ms of each simulation established a calculated
way betweerGmax and Gmin. These values enable the modelresting potential for all compartments. At that time, a 1500 nA,
to replicate the current/voltagk\() characteristics of the GMS 0.15ms current pulse was injected into an end-compartment of

Gj = Gmin+ (Gmax— Gmin){1 + exp[-A(Vpre— Vpost— Vo)I}, (1)

measured at 18 °C by Jaslove and Brink (1986). the LG axon (Fig. 1). The spike triggered by the pulse then
o spread along the chain of LG compartments to the presynaptic
Temperature sensitivity of model parameters LG compartment, which was linked to the postsynaptic

The equilibrium potentials vary with temperature accordingcompartment of MoG by the model GMS. If sufficient current
to the Nernst equation. The chosen values (above) weweas driven into MoG, the spike excited there would conduct
assumed to occur at a temperature of 10°C. Values at othdistally along the MoG axon. The LG spike continued beyond
temperatures were calculated from these values by firghe presynaptic compartment to the terminal LG compartment.
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Results amplitude was unchanged but the half-width fell to 1.05ms,
Temperature sensitivity of GMS transmission and the half-width of the MoG spike dropped to 1.5ms. At

Our initial experiments were performed on isolated nerve-3-5°C, the half-width of the LG spike was reduced to
cord preparations, where it was possible to record intracellul&95MS, and the excitatory postsynaptic potential (EPSP)
responses on either side of the GMS. Unexpectedly, we fourfYoked in MoG failed to excite a spike. The LG spike half-
that GMS transmission was reliable at low temperature@"dth continued to faIIanng with the EPSP amplltudem.MoG
(>5°C), but failed at temperatures above a threshold value th@F the temperature was increased. At 22°C, the LG spike was

varied with the preparation between 12 °C and 25 °C. Resmfgduced to 90.8 mV and the half-width was 0.55 ms, while the
MoG EPSP was only 19.6 mV.

from a preparation in which transmission failed at a low valu€, )
13°C, are shown in Fig. 2A. LG was stimulated caudal to the 1he model of the GMS connection between LG and MoG

GMS and its spike was recorded intracellularly rostral to th&isplayed the same behaviour as the preparation shown in
GMS (Fig. 1A). Effective transmission occurred at 8°C as 419- 2A over the same temperature range if the maximal GMS

98mV LG spike with a half-width of 1.3ms evoked a spikeconductance Gmax equation 1) was reduced from 6.67 to
in MoG with a half-width of 1.8 ms. At 12°C, the LG spike 0.8uS. When the model parameters were set for 8°C, the LG

spike was 120mV in amplitude and lasted 1.6 ms at half-
maximum amplitude (Fig. 2B, top panel). The spike evoked in

A B the postsynaptic MoG compartment was 100 mV in amplitude
Experimenta Model and lasted 1.5ms (Fig. 2B, middle panel). The current through
the synapse flowed orthodromically until the potential across

SimLG e the synapse reversed itself, when it flowed antidromically (Fig.
/ 2B, bottom panel; the significance of this is discussed below).
Effective transmission persisted at 10 and 12 °C, but failed at

13.5°C as the LG spike duration shortened to 0.95ms and
evoked a 20mV EPSP in MoG. As in the experimental

preparations, an increase in temperature to 22°C caused a
further reduction in both the LG spike duration and the MoG
MoG EPSP amplitude.
Failure of effective LG-to-MoG transmission at high
0 temperature could be reversed by depolarising current injected
22 C 220C — . . . . . .
into MoG. This is apparent in Fig. 3, which shows another
preparation in which LG successfully initiated a spike in MoG

LG50 mV at 14°C, but failed to initiate a spike in MoG at 20°C.
MoG 20 mvV lauis However, when MoG was depolarised by 3nA of injected
ams 40 NA current at 20°C, MoG fired in response to an LG spike. The
25ms model behaved similarly wheBmax was set equal to 165,
the model temperature was set to 14 °C, and an LG spike was
excited and evoked a superthreshold response in MoG. The LG
Fig. 2. LG-to-MoG transmission is reliable at low temperatureSplke failed to eyoke a spike in MoG when the model
n temperature was increased to 20 °C, but succeeded when 3nA

but fails at high temperature in both experiment and model. iniected into th ¢ tic MoG t t duri
(A) Experimental recordings from an isolated nerve cord preparatio as injected into the POS Synaptic Mot compartment during
e response to LG (Fig. 3B).

in which successful transmission fails above 12°C. LG is stimulate iy )
posteriorly in the G5/G6 connectives and recorded intracellularly in GMS transmission was reliable at low temperatures and

G2 (upper traces). The postsynaptic MoG is recorded intracellularif@iled at higher temperatures varying between 12 and 25°C in

at the base of N3 of G2, close to the site of synaptic contact with tfgeven isolated nerve cord preparations. In three preparations,
LG (lower traces). Five sweeps are superimposed at temperaturesnd MoG spike could be elicited, although the subthreshold
8°C (the largest and slowest response), 12°C, 13.5°C, 15.5°C a®PSP showed the same temperature response as that described
22°C (the smallest and fastest response). (B) Simulations of thighove. No preparations were found in which GMS
experimental preparation in which the maximal GMS conductancgansmission was successful at high temperature but failed at
(Gmag was reduced from 6.7 to Qu8, and the responses 10 LG |4y temperature. The model of the GMS connection displayed
stimulation were calculated with parameters set to the same set l%fe same qualitative behaviour, i.e. reliability at low

temperatures. LG responses were calculated in the compartm ntm ratur nd or nsitv to failure at higher temoeratur
presynaptic to GMS (top traces; Fig. 1B), and MoG responses we & Pe atures and p ,Ope sity fo Ta u,e "?l gne g pe. atures,
ut in order to replicate the quantitative behaviour it was

calculated in the postsynaptic compartment (middle traces). T . ) .
current through the GMSdus) is shown at the bottom; orthodromic Consistently necessary to reduce the valuBndx in equation

current is downward, and antidromic current is upward. Thel below that previously reported (Jaslove and Brink, 1986).
calibration bars refer to the corresponding experimental and mod&max corresponds to the combined effects of all rectifying gap
traces. The abbreviations are explained in the legend to Fig. 1. junctions, so that variations in the effective valu&ghx may
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Fig. 3. Depolarising current injected into A Experimental B Model
MoG can restore transmission from the LG

at warm temperature in experiment and

simulation. (A) MoG responses to an LG ) 40mV| 5ms
spike recorded from an isolated nerve cord SimLG

at 14°C (upper trace), when transmission ! 14°C
was successful, and at 20 °C, when it failed, MoG \
revealing a subthreshold EPSP (lower diPsP
trace). Transmission was restored at 20°C 20°C
when +3nA was injected into MoG M 20°C A

postsynaptically during the response to LG

(bottom trace). A depolarising inhibitory
postsynaptic potential (dIPSP) in MoG
follows the LG activation in each trace.
(B) Simulation of the experiment in A, in

14°C v

which Gmax was set to 1.AS, and MoG 0°C 20 S + n
compartment responses were calculated at |\ _ e
14 and 20°C. As in the experiment, B | f A

transmission was restored by 3nA of
current injected into the postsynaptic MoG compartment. The depolarising IPSPs were omitted from the simulation. Theoablaeviati
explained in the legend to Fig. 1.

reflect a corresponding variation in the number of available gajgmperatures. Possible reasons for this include the effect of
junctions in the GMS. The dissection, removal of the nervéemperature on charge transfer through the GMS and on the
cord and ganglionic desheathing necessary for the intracellulamput resistance and excitability of MoG.

procedures all subject the preparation to mechanical strain

which may reduce this number. We therefore performed Temperature G1/G2 Distal N3,

similar experiments using isolated abdomen preparations in  (°C) FF muscle

which the nerve cord and motor nerves were left in place, and
the LG axon, MoG axon and GMS were undisturbed. In five
such preparations, extracellular recordings again revealed that

v
il
®
<
Q

GMS transmission was robust at low temperatures while liable 106
to failure at high temperatures, but in these cases failure never
occurred at temperatures below 28°C and sometimes 1° < FFEMG
transmission persisted at temperatures as high as 34-35°C
(Fig. 4). 20
Factors affecting GMS transmission and MoG excitability 25

from 5 to 30°C

The experiments on both the isolated nerve cords and the g7
semi-intact preparations revealed that, contrary to our initial
expectation, effective transmission at the GMS becomes more
difficult at higher temperatures and easier at lower

)
©
ul

T

TIT

i

32

Fig. 4. The MoG and fast flexor (FF) muscle respond to LG
stimulation at low temperatures and fail at high temperatures in an 33
isolated abdomen preparation. The LG is stimulated in the G5/G6
connectives and recorded extracellularly in the G1/G2 connectives 35
(left column). The LG conduction velocity changes with temperature,

but conduction does not fail. The axon spike of the MoG is recorded Sti
distally in N3 with extracellular electrodes, and the same recording 35 praximal N3
site picks up the FF electromyogram (EMG) (right column). Sweeps

are displayed showing the responses at a range of temperatures 31
between 4 and 35°C. In this preparation, the MoG response to LG

fails reversibly at 35°C. Stimulating the proximal N3 at 35°C still 25
elicits a small FF EMG, indicating that the MoG axon is still able to
conduct at this temperature. The abbreviations are explained in the
legend to Fig. 1. 10 ms

RS
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Charge transfer through the GMS 60 A B ~105
Although we could not measure charge transfer through tt & ] 100
GMS experimentally, we could measure the area under tt E 50 V | lems40nA | o5 o
rising phase of the presynaptic (LG) spike, which providesa & . 1ms L 90 2
approximate measure of charge transfer. The driving force fc 8 404 L o5 %
synaptic current is proportional to the difference in membran E ] s g0 ©
potential between pre-and postsynaptic neurones, and this ;f 30 | 75 g
greatest during the rising phase of the presynaptic spike. TI  « ] % o

. .. . . . © - LG O o - 70
synaptic charge injected into the MoG is roughly proportiona g 20 50 mv 0 | s
to the area under the rising phase of the LG spike (lower le | ] Trs SeSRle o
inset, Fig. 5A). Increased temperature reduced both th 10 L - 60

5 10 15 20 25 30 35
Temperature (°C)

amplitude and the duration of the presynaptic spike anc

consequently, the area under the rising phase of the spike

well. The presynaptic spike amplitude decreased by less thi

20% between 6 and 30°C, and the area under the rising ph:

of the spike decreased by nearly 80% over the samr 25 B

temperature range (Fig. 5A, open circles and left ordinate). ] <10°Ce—
Simulations with the model make it possible to calculate th 1 0O

total charge transferred into the MoG model by a presynapt 1

spike as a function of temperature (Fig. 5A, filled circles anc

right ordinate). The depolarising charge transfer was calculate

from the time integral of the negative-going wave of the GMS 15 ] -

current (upper right inset, Fig. 5A) in a series of simulations . -

in which Gmax in equation 1 was maintained at its published O

value of 6.67uS. These calculations indicate that the total {4 0O —» 31°C

charge transferred in the model decreased by 35% as t —

temperature was increased from 5 to 30°C. The current int 10 20 20 40 50 60

the MoG compartment only ceases (and reverses) when t

postsynaptic and presynaptic potentials are equal, which occt.. _

on the falling phase of the LG spike. Accordingly, the risingFig. 5. The effect of temperature on charge transfer through the GMS.

phase of the LG spike is likely to underestimate the perio(A) Relationship between the area under the rising phase of the

during which charge flows from LG to MoG, but may also perecorded LG spike (open circles, left ordinate) and temperature, and
overly sensitive to temperature ' between the total charge driven through the model GMS by an LG

Despite these differences, these results make clear tI,spike (filled circles, right ordinate) and temperature. (B) Relationship

. . . ., between the amplitudes of recorded EPSPs in the MoG and the area
reductions in both the synaptic charge and the EPSP amp“tu‘under the rising phase of the recorded LG spike. All experimental data

which should reflect the accumulation of postsynaptic chargiyce from one preparation. EPSP amplitude was measured in trials in
should follow an increase in temperature. This prediction iwhich the EPSP could be clearly distinguished from any consequent
supported by the nearly linear relationship between MoG EPSpostsynaptic spike. The half-area is defined as the area under the curve
amplitude and the area under the rising phase of thfrom the start of the LG spike to its peak amplitude, as shown in the
presynaptic spike waveform (Fig. 5B). The EPSP amplitudlower inset. The charge transfer was calculated from the time integral
fell by nearly 60% between 10 and 31°C as the half-area ©f the negative-going wave of the GMS current (upper inset). The
the LG spike fell by more than two-thirds. This decline in theabbreviations are explained in the legend to Fig. 1.
EPSP amplitude with increasing temperatures should accouin
in part for the failure to excite the MoG at higher temperatures.
impalements while changing temperature. However, we were

Factors affecting the temperature sensitivity of MoG able to measure input resistances and voltage responses to
excitability: input resistance injected current steps in LG. Two-electrode measurements of

Another factor that could contribute to the reduction ininput resistance over the temperature range 5-30°C showed
effective transmission at higher temperatures is a reduction that the input resistance of the LG neurone was higher at low
the input resistance of MoG with increased temperature. Sudbmperatures and lower at high temperatures (Fig. 6A). This
a reduction is expected because both the specific membrateenperature-dependence of LG was replicated in the model,
resistance and the cytoplasmic resistivity have been found imhich also showed the input resistance of MoG to have a
other neurones to decrease with increasing temperatus@milar temperature-dependence (Fig. 6A). The temperature-
(Guttman, 1970). We were unable to obtain input resistanagependence of the input resistances of both model neurones
measurements from MoG over the experimental temperaturesults from the factors cited above (see Materials and
range owing to difficulty in maintaining dual microelectrode methods), which have been incorporated into the model. The

MoG EPSP (mV)

LG haf-spike area (mV ms)
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A temperature: for a given value @&mnax transmission failed
above a certain temperature and was successful below that
temperature (Figs 2, 3). These results suggested that the
minimal value ofGmax needed for successful transmission in
the model could be found at each temperature through repeated
simulations; a plot of these values would help determine how
changes in temperature would affect transmission at a synapse
_ @ LG model with a fixedGmax. One such plot is shown in Fig. 7, where the
o LGOct1l Q1o 0f the synaptic time constant was set to the published value
o LG Ot 21 of 11 (open symbols), and another is shown where it was set
A LGOct14 to 3 (filled symbols). From these plots, it is apparent that, when
Gmaxequals the published value of 6163 (Jaslove and Brink,
1986), the high @ provides a considerable safety factor for
: transmission at all temperatures between 13 and 30°C,

R R R R RN R R whereas the low ) allows transmission to fail above 25°C.

Part of the reason why the highenoQromotes more
effective transmission at high temperatures is that it enables a
presynaptic spike to drive more charge through the GMS than
it would if the GMS conductance had a lowetoQThis is
apparent in Fig. 8, which shows plots of the GMS charge
versustemperature for both high and low values aqf.GAt all
temperatures above approximately 10°C, more charge is
driven through the synapse in the highe@odel than in the
low-Q10 model. At temperatures below 10°C, the reverse is
—&— Subthreshold true but, as shown in Fig.7, at temperatures below
| approximately 13°C, the threshold valueG#ax falls below
0 ) the value ofSmin, 0.67uS. This means that at low temperatures
0O 5 10 15 20 25 30 35 the time constant of the voltage-dependency of the GMS
becomes irrelevant; the synapse can transmit effectively even

in its low-conductance (nominal ‘off') state.
Fig. 6. The effect of temperature on the input resistance and current

threshold of MoG. (A) The input resistance of the MoG model, th

0.3 4

—— MoG model

o
N
\

Input resistance, R, (MQ)

o
[EEY
|

150 4 B
100 |

50 ] —o— Superthreshold

MoG model current threshold (nA)

Temperature (°C)

LG model and three different LG neurones measured ove 107 @ Superthreshold, Q;5=3 -
temperatures from 5 to 30 °C. (B) Plot of the current threshold of th 1 m Subthreshold, Qyp=3 /
MoG model against temperature, as indicated by the lowest levels () g | ' i/
injected current that excited MoG (circles) and the highest levels ( % J
injected current that failed to excite MoG (squares). The abbreviatiol % P
are explained in the legend to Fig. 1. 8 . | T I
S 6 74
€ a
8 &
model cytoplasmic conductivity, which governs the coupling 2 4 _u
conductance between model compartments, was giverp a C 3 -
of 1.3 and the specific membrane conductance, which gover £
the compartmental (leakage) conductance, was givei afQ g 2 ‘
1.4 to reflect experimentally measured values (Guttman, 197 O ale® O Superthreshold, Q=11
1 g’)a O Subthreshold, Q]_O:ll
Factors affecting the temperature sensitivity of MoG 0+
excitability: current threshold 12 14 16 18 20 22 24 26 28 30 32
Another factor that governs successful transmission throu¢ Temperature (°C)

the GMS is the current threshold of the MoG. Although it wasF_ 7 The GMS conduct threshold f ful 1 o
not possible to measure this over the temperature rang 'g. 7. The conductance threshold for SUCCEsSIUT transmission
imulati ith th del indicate that th t thresh Tlncreases with temperatur€max was varied to discover the lower
simuiations wi € model indicate that the currént thrésnol, o ot which successful transmission would occur (circles) and the

of MoG should increase more than fourfold between 5 ar'upper value at which it would fail (squares) at temperatures from 12

30°C (Fig. 6B). to 30°C. Simulations were performed with theoQf the GMS time
L ) ) constant equal to 11 (open symbols) or 3 (filled symbols). The broken
Significance of the {3 of the GMS to synaptic function jine is drawn at the published value ®fhax The abbreviations are

Successful transmission depends dmax and on  explained in the legend to Fig. 1.
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Fig. 8. The effect of differences in the GMSo@n transmission in
the model. The amount of charge injected by a presynaptic LG spike
into the postsynaptic MoG compartment was calculated between 5
and 30°C when the GMS time constant was characterised hy a Q
equal to 11 (filled circles) and equal to 3 (open circles). The
abbreviations are explained in the legend to Fig. 1.
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Effect of temperature on LG-to-SG transmission

A secondary disynaptic pathway for fast flexor motorneurone 21°C
(FFMN) activation by the LG is mediatada the segmental
giant (SG) neurone (Kramet al. 1981; Robert®t al. 1982).
The SG receives input from the LG through rectifying electrical

synapses with properties very similar to those mediating thI':‘ig. 9. Transmission from the LG to the segmental giant neurone (SG)

LG-to-MoG connection (Heitleet al. 1991) and makes output gpoys similar temperature sensitivity to LG-to-MoG transmission.
to the FFMNs, again through rectifying electrical synapsesthe LG is stimulated in the G5/G6 connectives while recording
although these synapses are less powerful than the LG-to-Mcextracellularly from the SG in the first nerve (N1) of G3. Successive
and LG-to-SG synapses (Millet al. 1985; Heitler and Darrig, sweeps are aligned vertically and show the SG response as the
1986). The LG-to-SG-to-FFMN pathway provides a slowertemperature is increased from 21 to 31°C in steps of 1°C, and then
alternative to the LG-to-MoG pathway for exciting the FFreduced again. The SG spike fails at 29°C as the temperature is
muscle. The LG-to-SG synapse displayed a sensitivity tincreased, a_mc_i then reappears at_26 °C as the temperature is decreased.
temperature similar to that of the GMS (Fig. 9). The latency o! N abbreviations are explained in the legend to Fig. 1.
the SG spike recorded extracellularly following stimulation of
the LG shortened as the temperature was increased from 21 f#&rceived sluggishness of the animals at low temperature.
until the spike itself failed at 29 °C. It continued to fail as theHowever, contrary to our initial expectation, transmission at
temperature was raised to 31 °C and lowered back to 26 °C, thie crayfish voltage-sensitive electrical synapses is reliable at
which temperature it reappeared. low temperature, but prone to failure at high temperature.
Clearly, the explanation for the behavioural response to
temperature lies elsewhere, perhaps with the chemical
Discussion component of the primary afferent input to the system.

The primary question of this research was why the activation Intracellular recordings showed stable transmission down to
time constant for the voltage-sensitive synapse had such a highproximately 6°C (which was the lowest temperature we
Q1o0, especially relative to that of the;§values for action were able to achieve with our apparatus while recording
potential generation in the pre- and postsynaptic neurones. Thetracellularly), whereas extracellular recording showed
initial idea was that the extreme slowing of the synapse at loveliable 1:1 transmission at less than 3°C. In contrast, spike
temperature consequent on the higty @ight lead to failure transmission across the synapse failed at high temperatures, at
of transmission and, hence, be in part responsible for tHewer values for isolated nerve cord preparations and at higher
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values for more intact preparations. This was true for both tHikely that manipulations associated with freeing the nerve cord
LG-to-MoG and the LG-to-SG synapses. The LG-to-MoGfrom the crayfish abdomen may disturb the GMS, so that the gap
synapse is the classic ‘type specimen’ of rectifying electricglunctions are no longer able to achieve the high level of synaptic
synapses (Furshpan and Potter, 1959), and the more recertbnductance that normally occurs during transmission in the
discovered LG-t0-SG rectifying electrical synapse (Kragter intact abdomen. The simulations demonstrate that a lowered
al. 1981; Robert®t al. 1982) has similar voltage-dependency maximal junctional conductance can cause transmission failure
(Heitler et al. 1991). This unexpected result provokes twoto occur at lower than normal temperatures. In the model system
further questions: first, why is transmission less effective atsing the published value @max transmission never failed

high temperatures and more effective at low temperatures anelben at elevated temperatures; there is a safety factor of
second, what role does the elevated @lay in this rather approximately 2 at 30°C. This may mean that even our

counter-intuitive temperature sensitivity? minimally dissected preparations had suffered some loss of gap
o junction function. However, a more likely explanation is the
The pattern of temperature sensitivity of the GMS existence ofn vivo variation in key model parameters such as

Part of the reason for the temperature sensitivity of the GMG&max Furthermore, in the model, the kinetic parameters of the
appears to be the major effect that changes in temperature hapikes are based on standard Hodgkin—Huxley formulations,
upon the duration of the LG spike and, hence, on the ability ofther than the (unknown) values appropriate for the LG and
the LG to inject positive charge into the postsynaptic MOGMoG. This means that, while the model reliably reflects the
The model indicates that charge transfer through the GM®8verall response of the real system to temperature, it would be
increases nearly linearly with decreasing temperatures. Ounwise to draw precise quantitative conclusions from the model
results show that at low temperatures sufficient charge igbout factors such as threshold.
injected to elicit a postsynaptic spike, despite the relatively
slow increase in junctional conductance that occurs at these The synaptic @ of 11
temperatures. Indeed, the model suggests that at low Our use of equation 2, with itsiQof 11, to describe the
temperature there is almost no increase in junctionaemperature kinetics of the GMS over the range from 5 to
conductance during a spike (i.e. the synapse ceases to act I8&°C, is an extrapolation from measurements made between 9
a rectifier and remains in a low-conductance state throughougnd 20 °C (Jaslove and Brink, 1986). The extrapolation appears
but that the increased duration of the LG spike is sufficient tjustified by the ability of the model to sustain effective
maintain a high driving force for long enough to overcome théransmission over the full temperature range at which we found
high synaptic resistance. Conversely, at high temperatures, tttee GMS could operate in minimally disturbed preparations.
shortened duration of the presynaptic spike reduces the chargeThe value of 11 for the GMS1Qis much higher than values
transfer through the synapse despite the rapid increase dfQiofor synapses and active membrane conductances, which
synaptic conductance. vary between 2 and 5 (Adams, 1989; Burrows, 1989; Byerly

A second factor that contributes to the greater effectivenesg al. 1984; Hodgkin and Katz, 1949; Katz and Miledi, 1965;
of transmission at low temperatures is the higher inpuKimura and Meves, 1979). The large difference between these
resistance of the postsynaptic cell. The model shows that, @alues of Qo prompted us to ask whether the high GM& Q
5°C, synaptic current encounters a postsynaptic inpus particularly advantageous for synaptic function. When we
resistance that is 50 % greater than that at 30 °C. Together witbmpared the responses of the GMS model using different
the increased transfer of charge, the higher input resistangalues of Qo (Figs 7, 8), we found that the highiéknables
accounts for the larger EPSPs recorded at lower temperaturése GMS to transmit more charge at higher temperatures and
The higher input resistance helps reduce the current threshate&nables MoG to respond to GMS input at those temperatures.
of the model MoG, so that the model cell fires readily inThe short synaptic time constant at high temperatures in the
response to the larger EPSPs. In contrast, at high temperatureigh-Qio model enables a rapid increase in synaptic
the input resistance of the model MoG is reduced and the inpabnductance in response to a brief LG spike. The rapid
capacitance is increased; both of these changes will reduce tenductance increase allows more synaptic current to produce
voltage response of the cell to the synaptic current. Finally, thee larger EPSP in MoG than can occur when the time constant
current threshold of the model MoG is also increased at highé longer. The larger EPSP brought about by the large Q
temperatures, so that more synaptic current is required to excéeables LG to excite MoG up to 34°C. It is true that, at the
the cell. lower end of the temperature range, a lower value;efvQuld

The exact temperature at which GMS transmission failegroduce more effective synaptic transmission. However,
varied between preparations, but it was invariably higher ibecause the increased spike duration and lowered postsynaptic
preparations in which the degree of dissection was minimisethreshold make a synaptic conductance change unnecessary,
When the nerve cord was exposkd situ in the isolated the increased efficacy that would be provided by a lower-Q
abdomen, complete failure at the LG-to-MoG synapse was neynapse is also unnecessary. Thus, we conclude that the
observed at temperatures below 28 °C. However, when the nerftenctional significance of the largei§is to help maintain
cord was dissected free from the animal for intracellulatransmission at high temperatures rather than to reduce
recording, failure could occur at room temperature. It appeatsansmission at low temperatures.
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