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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 Q10 reported to be close to 11, and that of
the active membrane properties of LG and MoG, which are
thought to have Q10 values 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
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

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 Q10 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.

Key words: lateral giant, motor giant, rectifying electrical synaps
crayfish, Procambarus clarkii, Pacifastacus leniusculus.
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Changes in temperature affect the rates of all biochem
reactions, including synaptic activation and release, 
activation and inactivation of ionic channels in membranes, a
the conduction velocity of action potentials. Interactin
neuronal and synaptic processes usually have sim
temperature sensitivities, so that comparable changes occu
their rates of activation or inactivation as the temperature var
For instance, the activation and inactivation rate constants
the different ionic conductances in the squid giant axon all ha
similar Q10 values that are approximately equal to 3 (Hodgk
and Katz, 1949; Hodgkin and Huxley, 1952; Moore, 1958). 
a result, changes in temperature induce changes in the sca
the action potential, but have only a slight effect upon 
waveform; an action potential at 6 °C approximates to a slow
version of the action potential at 20 °C. Conversely, 
functionally linked neuronal processes have dissimilar Q10

values, there will be a tendency for changes in temperatur
produce more major discontinuities in system output.
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It would appear that this latter situation characterises t
synaptic relationship between neurones involved in the esca
tailflip of the crayfish. This behaviour is driven by two sets o
giant ‘command’ neurones, the lateral giant (LG) and th
medial giant (MG), which excite overlapping sets of abdomin
motor giant (MoG) flexor motoneurones. The excitation from
the LG and MG to the MoG is mediated in each hemisegme
by a powerful rectifying electrical synapse called the gia
motor synapse (GMS; Furshpan and Potter, 1959). The GM
has a relatively low (but non-zero) conductance when t
postsynaptic MoG is iso-potential with, or depolarised relativ
to, the presynaptic neurones, but becomes highly conduct
when LG or MG is depolarised relative to MoG (Furshpan an
Potter, 1959; Jaslove and Brink, 1986; Giaume et al. 1987;
Edwards, 1990a,b). Voltage-clamp studies have shown that th
rate of these voltage-dependent changes in junction
conductance is very dependent on temperature (Jaslove 
Brink, 1986). At 19 °C, the increase in junctional conductanc
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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
recording sites on the LG and MoG (see Materials and methods). (B)
Diagram of the multicompartment model, showing the set of short
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,
beginning 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
figure in parentheses. Each node is the locus of one compartment of
the multicompartment model. The LG model contains 19 short
segments (20 nodes); the MoG model contains 29 segments (30 nodes).
The stimulus site on one end of the chain of LG compartments and the
‘recording’ sites presynaptic and postsynaptic to the GMS in LG and
MoG compartments are identified. The scale bar is approximate.
G1/G2, G5/G6, connectives between ganglia 1/2 and 5/6; N3, nerve 3.
induced by a 50 mV step depolarisation of the presynaptic c
followed a single exponential with a time constant of 0.4 m
and the fall in conductance after presynaptic repolarisat
followed the same time course. This time constant increase
7 ms at 9.4 °C, suggesting that the conductance change follo
a first-order reaction with a Q10of 11 (Jaslove and Brink, 1986).

The Q10 values of the ionic mechanisms that support an L
MG or MoG spike are not known. If they were like those of th
squid giant axon and approximately equal to 3, the differen
between this and the synaptic Q10 of 11 suggested to us that a
functional mismatch might occur at low temperatures where 
rectifying conductance would change very slowly relative to t
duration of the presynaptic action potential. Calculatio
indicates that the rectifying synapse time constant, τrect, would
change from 0.4 ms at room temperature to 21 ms at 5
whereas the duration of the action potential might only increa
by a factor of 3. This led us to suppose that the synapse m
fail to transmit effectively at low temperature because the GM
would respond too slowly for the presynaptic spike to initiate
significant increase in conductance. This would limit th
depolarising synaptic current injected into the MoG through t
synapse and cause the MoG to fail to be excited at l
temperatures. At high temperatures, however, the synaptic t
constant would shorten so much that GMS conductance wo
become effectively an instantaneous function of junction
voltage, and so the depolarisation of the presynaptic sp
would propagate rapidly and effectively to the postsynap
neurone. This notion fits with casual observation of crayfi
behaviour: crayfish become sluggish and eventually paraly
as the temperature drops.

We tested the suggestion that the GMS response would
in the cold and be reliable at higher temperatures by testing
effects of temperature on the LG spike and on transmiss
between the LG and MoG. We also used the availa
quantitative descriptions of the GMS and the LG and Mo
neurones to develop a mathematical model of t
LG–GMS–MoG circuit that we used to analyse the effects 
temperature on the GMS. Contrary to our expectation, both 
model and the experiments indicated that the high synaptic 10

preserves effective synaptic transmission at low temperatu
and extends it to a higher range of temperatures than wo
otherwise be reached.

Materials and methods
Experimental procedures

Adult crayfish (Procambarus clarkii and Pacifastacus
leniusculus) were obtained from commercial suppliers an
maintained at 18 °C for at least 2 weeks before the anim
were used. No differences in experimental results we
observed for these two species.

Isolated nerve cord preparations

The animal was chilled in ice for 10 min or until it ha
ceased voluntary movements, after which the abdomen w
removed and the head was destroyed. The abdominal ven
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nerve cord was cut away from the abdomen and pinned ou
a dish lined with Sylgard (Dow-Corning), and then covere
with saline (Van Harreveld, 1936). The sheaths around t
connective between the fifth (G5) and last (G6) ganglio
around the third nerve root (N3) of G2 and around th
connective between G1 and G2 were removed. A stimulati
electrode was placed on the LG axon in the connective betwe
G5 and G6, and bipolar extracellular recording electrodes we
placed on the LG axon in the connective between G1 and G
Intracellular recording electrodes were placed in the LG ax
in G2 and in the ipsilateral MoG at the base of N3 of G2, ju
postsynaptic to LG (Fig. 1). The temperature of the preparati
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Table 1.Compartmental resistances of MoG compartments

Compartment Resistance Compartment Resistance Compartment Resistance Compartment Resistance Compartment Resistance

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 1.8 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 (in MΩ) of the LG compartments are: Compartments 1 and 20: 66.8 MΩ; compartments 2–19: 33.4 MΩ.
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 merc
thermometer placed immediately adjacent to the preparati
The preparation dish itself was secured on top of narrow pill
within a larger water bath, so that the sides and most of 
bottom surface of the dish were exposed to the bath. T
temperature of the preparation was adjusted by changing 
temperature of the surrounding water bath. The preparat
was allowed 1 min to equilibrate following a change i
temperature, and then tested.

Isolated abdomen preparations

The abdomen was removed from the animal, and t
cuticular ribs, soft cuticle and superficial (slow) flexor musc
were cut away ventrally to reveal the nerve cord and fast fle
(FF) muscles. The preparation was pinned out in a Petri d
lined with Sylgard and immersed in crayfish saline. A bipol
stimulating electrode was placed on the cord adjacent to 
LG axon in the connective between G5 and G6 (Fig. 1A
Bipolar recording electrodes were placed adjacent to LG in 
ipsilateral connective between G1 and G2, on the proxim
portion of the ipsilateral N3 of G3, and more distally on th
lateral and medial branches of that nerve. The distal third ne
electrodes were also in contact with the FF muscle innerva
by N3.

Computer modelling

Procedure for creating multicompartment models

A multicompartment model of a length of the LG axon, th
GMS and the postsynaptic region of the MoG was created fr
a series of linked short cable segments, each of wh
represented a corresponding section of neurite. The mo
contained three parts: a series of identical short cable segm
that represented a portion of the LG axon, a branching ca
structure that represented the postsynaptic and proximal axo
portions of MoG, and a rectifying electrical connectio
between the middle portion of the LG cable and the Mo
model that represented the giant motor synapse (GM
(Fig. 1B). The 19 short LG cable segments togeth
represented a section of axon that was 4000µm long and
100µm in diameter (Fig. 1B). The 19 short cable segmen
became 20 compartments in the multicompartment mod
ury
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where each compartment represents an intersegmental n
and half of each segment adjoining that node. Thirt
compartments represented the MoG, including th
postsynaptic region, and the initial segment of the axo
including the first major branch (Fig. 1B). The electrical load
of the multiple distal axon branches on the proximal portion o
the MoG axon is represented in the model by a gradual increa
in the lengths and diameters of the distal short cable segme
of both major branches.

Passive properties of the model

The (leakage) resistance and capacitance were calculated
each compartment as the ratio and product, respectively, of 
specific membrane resistance (Rm) and specific membrane
capacitance (Cm) to the membrane area of the neurona
segment represented by the compartment. Cm was assumed to
equal 1µF cm−2. Rm=τm/Cm, where τm is the measured
membrane time constant (Edwards, 1990a). Resistances for the
LG and MoG compartments are given in Table 1.

The coupling resistance that links adjacent compartments
given by the product of the cytoplasmic resistivity and th
segment length, divided by the cross-sectional area. Coupli
resistances for both models are given in Table 2 for 10 °C.

Spiking compartments

Because published descriptions of active membrane curre
in the crayfish giant fibres and MoG are quite similar to thos
of squid (Shrager, 1974; Bean, 1981; Wallin, 1966), th
Hodgkin–Huxley equations were used to describe the acti
membrane properties of both LG and MoG compartment
models (Hodgkin and Huxley, 1952). The ionic equilibrium
potentials in the Hodgkin–Huxley equations were modified t
cause the action potentials of both models to have 
depolarising afterpotential and to cause the resting potential
the LG model to be approximately 10–15 mV more negativ
than that of the MoG model (Heitler et al. 1991). All other
aspects of the Hodgkin–Huxley equations were unchange
The equilibrium potentials were all set to values relative to a
initial condition of zero resting potential for all model
compartments. For the LG model, the equilibrium potentia
(E) were ENa=115 mV, EK=−14 mV and EL=−16 mV; for
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Table 2.Coupling resistances between MoG model
compartments

Compartment Resistance Compartment Resistan

21,22 0.013
22,23 0.016
23,24 0.020
24,25 0.026
25,26 0.026 25,38 0.013
26,27 0.026 38,39 0.016
27,28 0.034 39,40 0.019
28,29 0.045 40,41 0.025
29,30 0.068 41,42 0.038
30,31 0.059 42,43 0.051
31,32 0.028 43,44 0.041
32,33 0.016 44,45 0.028
33,34 0.010 45,46 0.016
34,35 0.010 46,47 0.010
35,36 0.010 47,48 0.010
36,37 0.010 48,49 0.010

49,50 0.010

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

The coupling resistances (in MΩ) between LG model
compartments (compartments 1,2 to compartments 19,20) are 0
MΩ.

LG, lateral giant neurone; MoG, motor giant neurone.
MoG, they were ENa=115 mV, EK=−2 mV and EL=−4 mV,
where EL is the effective equilibrium potential for the
combined leakage channels.

The ionic conductances of each compartment vary accord
to the membrane area that the compartment represents.
maximal ionic conductances were equal to the product of 
membrane areas and the maximal ionic conductance dens
(in µS cm−2) specified in the Hodgkin–Huxley equations.

The giant motor synapse

The trans-synaptic conductance, Gj, of the GMS is
represented by the equation:

Gj =Gmin+ (Gmax−Gmin)/{1 + exp[−A(Vpre−Vpost−Vo)]} , (1)

(Giaume et al.1987), where A is 0.15 mV−1, Vo is 5 mV, Gmax

is 6.67µS and Gmin is 0.67µS. Gmin is the minimum (shut)
synaptic conductance, Gmax is the maximum (fully open)
synaptic conductance, and Vo is the trans-synaptic potentia
(Vpre−Vpost) at which the trans-synaptic conductance is ha
way between Gmax and Gmin. These values enable the mod
to replicate the current/voltage (I/V) characteristics of the GMS
measured at 18 °C by Jaslove and Brink (1986).

Temperature sensitivity of model parameters

The equilibrium potentials vary with temperature accordi
to the Nernst equation. The chosen values (above) w
assumed to occur at a temperature of 10 °C. Values at o
temperatures were calculated from these values by 
ing
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calculating the concentration ratio that corresponds to each 
these equilibrium potentials at 10 °C. These concentratio
ratios were assumed to be independent of temperature, so t
they could be used to calculate equilibrium potentials at othe
temperatures according to the Nernst equation for each io
The temperature-dependence of the equilibrium potentials 
simulation produced similar small changes in resting potentia
in the two neurones. We did not note any obvious experiment
divergence from this outcome, although we did not examin
this issue in detail.

The temperature-dependence of the ionic membran
conductances is assumed to be similar to that of squid. Th
maximum conductances are governed by a Q10 of 1.4 (Moore,
1958), and the rate constants of those conductances a
assumed to have a Q10 of 3 (Hodgkin and Huxley, 1952). The
specific membrane conductance (=1/Rm) is also governed by a
Q10 of 1.4, whereas the membrane capacitance has a Q10 of 1.1
(Palti and Adelman, 1969) and the cytoplasmic conductivity
has a Q10 of 1.3 (Guttman, 1970).

The rectification properties of the GMS are enhanced a
elevated temperatures and reduced at cold temperatur
(Jaslove and Brink, 1986). This temperature sensitivity can b
simulated by equation 1 if Gmax is given a Q10 of 1.1 and Gmin

is given a Q10 of 1.2. The temperature-dependence of the
kinetics of the GMS have also been described by Jaslove a
Brink (1986), who found that the junctional conductance
changed with a time constant equal to 7.5 ms at 9.4 °C and h
a Q10 of approximately 11 between 9 and 20 °C. The time
constant was too short to measure at temperatures greater t
20 °C. Consequently, changes in Gj are described in the model
as following first-order kinetics with a time constant, τrect (in
ms), that is described by the equation:

τrect = 7.5/{11[(T−9.4)/10]} , (2)

where T is temperature (in °C) over the temperature range from
5 to 34 °C. We assume that the Q10 is constant over this
temperature range, although it has only been measure
explicitly over the range 9–20 °C.

Numerical method

The coupled differential equations that describe
compartmental voltage and current flow in the model wer
solved numerically using a fifth-order Runge–Kutta integration
procedure with variable time steps (Forsythe et al.1977).

Initiation of a presynaptic spike

The first 15 ms of each simulation established a calculate
resting potential for all compartments. At that time, a 1500 nA
0.15 ms current pulse was injected into an end-compartment 
the LG axon (Fig. 1). The spike triggered by the pulse the
spread along the chain of LG compartments to the presynap
LG compartment, which was linked to the postsynaptic
compartment of MoG by the model GMS. If sufficient current
was driven into MoG, the spike excited there would conduc
distally along the MoG axon. The LG spike continued beyond
the presynaptic compartment to the terminal LG compartmen

ce

the
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Temperature sensitivity of GMS transmission

Our initial experiments were performed on isolated ner
cord preparations, where it was possible to record intracellu
responses on either side of the GMS. Unexpectedly, we fo
that GMS transmission was reliable at low temperatu
(>5 °C), but failed at temperatures above a threshold value 
varied with the preparation between 12 °C and 25 °C. Res
from a preparation in which transmission failed at a low valu
13 °C, are shown in Fig. 2A. LG was stimulated caudal to 
GMS and its spike was recorded intracellularly rostral to t
GMS (Fig. 1A). Effective transmission occurred at 8 °C as
98 mV LG spike with a half-width of 1.3 ms evoked a spik
in MoG with a half-width of 1.8 ms. At 12 °C, the LG spik
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Stim LG LG

MoG

8°C

22°C

2.5 ms

MoG 20 mV
LG 50 mV

IGMS 40 nA

22°C

Experimental Model

IGMS

A B

Fig. 2. LG-to-MoG transmission is reliable at low temperatu
but fails at high temperature in both experiment and mod
(A) Experimental recordings from an isolated nerve cord prepara
in which successful transmission fails above 12 °C. LG is stimula
posteriorly in the G5/G6 connectives and recorded intracellularly
G2 (upper traces). The postsynaptic MoG is recorded intracellul
at the base of N3 of G2, close to the site of synaptic contact with
LG (lower traces). Five sweeps are superimposed at temperatur
8 °C (the largest and slowest response), 12 °C, 13.5 °C, 15.5 °C
22 °C (the smallest and fastest response). (B) Simulations of 
experimental preparation in which the maximal GMS conductan
(Gmax) was reduced from 6.7 to 0.8µS, and the responses to LG
stimulation were calculated with parameters set to the same se
temperatures. LG responses were calculated in the compartm
presynaptic to GMS (top traces; Fig. 1B), and MoG responses w
calculated in the postsynaptic compartment (middle traces). 
current through the GMS (IGMS) is shown at the bottom; orthodromic
current is downward, and antidromic current is upward. T
calibration bars refer to the corresponding experimental and mo
traces. The abbreviations are explained in the legend to Fig. 1.
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amplitude was unchanged but the half-width fell to 1.05 m
and the half-width of the MoG spike dropped to 1.5 ms. A
13.5 °C, the half-width of the LG spike was reduced t
0.95 ms, and the excitatory postsynaptic potential (EPS
evoked in MoG failed to excite a spike. The LG spike hal
width continued to fall along with the EPSP amplitude in Mo
as the temperature was increased. At 22 °C, the LG spike w
reduced to 90.8 mV and the half-width was 0.55 ms, while t
MoG EPSP was only 19.6 mV.

The model of the GMS connection between LG and Mo
displayed the same behaviour as the preparation shown
Fig. 2A over the same temperature range if the maximal GM
conductance (Gmax, equation 1) was reduced from 6.67 to
0.8µS. When the model parameters were set for 8 °C, the 
spike was 120 mV in amplitude and lasted 1.6 ms at ha
maximum amplitude (Fig. 2B, top panel). The spike evoked
the postsynaptic MoG compartment was 100 mV in amplitu
and lasted 1.5 ms (Fig. 2B, middle panel). The current throu
the synapse flowed orthodromically until the potential acro
the synapse reversed itself, when it flowed antidromically (F
2B, bottom panel; the significance of this is discussed belo
Effective transmission persisted at 10 and 12 °C, but failed
13.5 °C as the LG spike duration shortened to 0.95 ms a
evoked a 20 mV EPSP in MoG. As in the experiment
preparations, an increase in temperature to 22 °C cause
further reduction in both the LG spike duration and the Mo
EPSP amplitude.

Failure of effective LG-to-MoG transmission at high
temperature could be reversed by depolarising current injec
into MoG. This is apparent in Fig. 3, which shows anoth
preparation in which LG successfully initiated a spike in Mo
at 14 °C, but failed to initiate a spike in MoG at 20 °C
However, when MoG was depolarised by 3 nA of injecte
current at 20 °C, MoG fired in response to an LG spike. T
model behaved similarly when Gmax was set equal to 1.9µS,
the model temperature was set to 14 °C, and an LG spike w
excited and evoked a superthreshold response in MoG. The
spike failed to evoke a spike in MoG when the mod
temperature was increased to 20 °C, but succeeded when 3
was injected into the postsynaptic MoG compartment duri
the response to LG (Fig. 3B).

GMS transmission was reliable at low temperatures a
failed at higher temperatures varying between 12 and 25 °C
seven isolated nerve cord preparations. In three preparatio
no MoG spike could be elicited, although the subthresho
EPSP showed the same temperature response as that desc
above. No preparations were found in which GM
transmission was successful at high temperature but failed
low temperature. The model of the GMS connection display
the same qualitative behaviour, i.e. reliability at low
temperatures and propensity to failure at higher temperatu
but in order to replicate the quantitative behaviour it wa
consistently necessary to reduce the value of Gmax in equation
1 below that previously reported (Jaslove and Brink, 1986
Gmax corresponds to the combined effects of all rectifying ga
junctions, so that variations in the effective value of Gmax may
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14°C

20°C

20°C

Stim LG

+3 nA

40 mV
5 ms

MoG

dIPSP

+3 nA

20°C

20°C

14°C

A                                                                           B                  Experimental   ModelFig. 3. Depolarising current injected into
MoG can restore transmission from the LG
at warm temperature in experiment and
simulation. (A) MoG responses to an LG
spike recorded from an isolated nerve cord
at 14 °C (upper trace), when transmission
was successful, and at 20 °C, when it failed,
revealing a subthreshold EPSP (lower
trace). Transmission was restored at 20 °C
when +3 nA was injected into MoG
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
which Gmax was set to 1.9µS, and MoG
compartment responses were calculated at
14 and 20 °C. As in the experiment,
transmission was restored by 3 nA of
current injected into the postsynaptic MoG compartment. The depolarising IPSPs were omitted from the simulation. The abbreviations are
explained in the legend to Fig. 1.

4

10.6

15

20

25

28.7

29.5

Temperature
(°C)

Distal N3,
FF muscle

G1/G2

LG MoG

FF EMG
reflect a corresponding variation in the number of available g
junctions in the GMS. The dissection, removal of the ner
cord and ganglionic desheathing necessary for the intracell
procedures all subject the preparation to mechanical str
which may reduce this number. We therefore perform
similar experiments using isolated abdomen preparations
which the nerve cord and motor nerves were left in place, a
the LG axon, MoG axon and GMS were undisturbed. In fi
such preparations, extracellular recordings again revealed 
GMS transmission was robust at low temperatures while lia
to failure at high temperatures, but in these cases failure ne
occurred at temperatures below 28 °C and sometim
transmission persisted at temperatures as high as 34–3
(Fig. 4).

Factors affecting GMS transmission and MoG excitability
from 5 to 30 °C

The experiments on both the isolated nerve cords and 
semi-intact preparations revealed that, contrary to our init
expectation, effective transmission at the GMS becomes m
difficult at higher temperatures and easier at low
Fig. 4. The MoG and fast flexor (FF) muscle respond to L
stimulation at low temperatures and fail at high temperatures in
isolated abdomen preparation. The LG is stimulated in the G5
connectives and recorded extracellularly in the G1/G2 connecti
(left column). The LG conduction velocity changes with temperatu
but conduction does not fail. The axon spike of the MoG is record
distally in N3 with extracellular electrodes, and the same record
site picks up the FF electromyogram (EMG) (right column). Swee
are displayed showing the responses at a range of tempera
between 4 and 35 °C. In this preparation, the MoG response to
fails reversibly at 35 °C. Stimulating the proximal N3 at 35 °C st
elicits a small FF EMG, indicating that the MoG axon is still able 
conduct at this temperature. The abbreviations are explained in
legend to Fig. 1.
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temperatures. Possible reasons for this include the effec
temperature on charge transfer through the GMS and on 
input resistance and excitability of MoG.
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Fig. 5. The effect of temperature on charge transfer through the GMS.
(A) Relationship between the area under the rising phase of the
recorded LG spike (open circles, left ordinate) and temperature, and
between the total charge driven through the model GMS by an LG
spike (filled circles, right ordinate) and temperature. (B) Relationship
between the amplitudes of recorded EPSPs in the MoG and the area
under the rising phase of the recorded LG spike. All experimental data
are from one preparation. EPSP amplitude was measured in trials in
which the EPSP could be clearly distinguished from any consequent
postsynaptic spike. The half-area is defined as the area under the curve
from the start of the LG spike to its peak amplitude, as shown in the
lower inset. The charge transfer was calculated from the time integral
of the negative-going wave of the GMS current (upper inset). The
abbreviations are explained in the legend to Fig. 1.
Charge transfer through the GMS

Although we could not measure charge transfer through 
GMS experimentally, we could measure the area under 
rising phase of the presynaptic (LG) spike, which provides 
approximate measure of charge transfer. The driving force
synaptic current is proportional to the difference in membra
potential between pre-and postsynaptic neurones, and th
greatest during the rising phase of the presynaptic spike. 
synaptic charge injected into the MoG is roughly proportion
to the area under the rising phase of the LG spike (lower 
inset, Fig. 5A). Increased temperature reduced both 
amplitude and the duration of the presynaptic spike a
consequently, the area under the rising phase of the spik
well. The presynaptic spike amplitude decreased by less t
20 % between 6 and 30 °C, and the area under the rising p
of the spike decreased by nearly 80 % over the sa
temperature range (Fig. 5A, open circles and left ordinate)

Simulations with the model make it possible to calculate t
total charge transferred into the MoG model by a presynap
spike as a function of temperature (Fig. 5A, filled circles a
right ordinate). The depolarising charge transfer was calcula
from the time integral of the negative-going wave of the GM
current (upper right inset, Fig. 5A) in a series of simulatio
in which Gmax in equation 1 was maintained at its publishe
value of 6.67µS. These calculations indicate that the tot
charge transferred in the model decreased by 35 % as
temperature was increased from 5 to 30 °C. The current i
the MoG compartment only ceases (and reverses) when
postsynaptic and presynaptic potentials are equal, which oc
on the falling phase of the LG spike. Accordingly, the risin
phase of the LG spike is likely to underestimate the per
during which charge flows from LG to MoG, but may also b
overly sensitive to temperature.

Despite these differences, these results make clear 
reductions in both the synaptic charge and the EPSP amplit
which should reflect the accumulation of postsynaptic char
should follow an increase in temperature. This prediction
supported by the nearly linear relationship between MoG EP
amplitude and the area under the rising phase of 
presynaptic spike waveform (Fig. 5B). The EPSP amplitu
fell by nearly 60 % between 10 and 31 °C as the half-area
the LG spike fell by more than two-thirds. This decline in th
EPSP amplitude with increasing temperatures should acco
in part for the failure to excite the MoG at higher temperatur

Factors affecting the temperature sensitivity of MoG
excitability: input resistance

Another factor that could contribute to the reduction 
effective transmission at higher temperatures is a reduction
the input resistance of MoG with increased temperature. S
a reduction is expected because both the specific memb
resistance and the cytoplasmic resistivity have been found
other neurones to decrease with increasing tempera
(Guttman, 1970). We were unable to obtain input resistan
measurements from MoG over the experimental temperat
range owing to difficulty in maintaining dual microelectrod
es.

in
 in

uch
rane
 in

ture
ce

ure
e

impalements while changing temperature. However, we we
able to measure input resistances and voltage response
injected current steps in LG. Two-electrode measurements
input resistance over the temperature range 5–30 °C show
that the input resistance of the LG neurone was higher at l
temperatures and lower at high temperatures (Fig. 6A). T
temperature-dependence of LG was replicated in the mod
which also showed the input resistance of MoG to have
similar temperature-dependence (Fig. 6A). The temperatu
dependence of the input resistances of both model neuro
results from the factors cited above (see Materials a
methods), which have been incorporated into the model. T
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Fig. 6. The effect of temperature on the input resistance and cu
threshold of MoG. (A) The input resistance of the MoG model, the
LG model and three different LG neurones measured over
temperatures from 5 to 30 °C. (B) Plot of the current threshold of the
MoG model against temperature, as indicated by the lowest levels of
injected current that excited MoG (circles) and the highest levels of
injected current that failed to excite MoG (squares). The abbreviations
are explained in the legend to Fig. 1.
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Fig. 7. The GMS conductance threshold for successful transmission
increases with temperature. Gmax was varied to discover the lower
value at which successful transmission would occur (circles) and the
upper value at which it would fail (squares) at temperatures from 12
to 30 °C. Simulations were performed with the Q10 of the GMS time
constant equal to 11 (open symbols) or 3 (filled symbols). The broken
line is drawn at the published value of Gmax. The abbreviations are
explained in the legend to Fig. 1.
model cytoplasmic conductivity, which governs the couplin
conductance between model compartments, was given a 10

of 1.3 and the specific membrane conductance, which gove
the compartmental (leakage) conductance, was given a Q10 of
1.4 to reflect experimentally measured values (Guttman, 19

Factors affecting the temperature sensitivity of MoG
excitability: current threshold

Another factor that governs successful transmission throu
the GMS is the current threshold of the MoG. Although it w
not possible to measure this over the temperature ran
simulations with the model indicate that the current thresh
of MoG should increase more than fourfold between 5 a
30 °C (Fig. 6B).

Significance of the Q10 of the GMS to synaptic function

Successful transmission depends on Gmax and on
temperature: for a given value of Gmax, transmission failed
above a certain temperature and was successful below 
temperature (Figs 2, 3). These results suggested that 
minimal value of Gmax needed for successful transmission in
the model could be found at each temperature through repea
simulations; a plot of these values would help determine ho
changes in temperature would affect transmission at a syna
with a fixed Gmax. One such plot is shown in Fig. 7, where the
Q10 of the synaptic time constant was set to the published va
of 11 (open symbols), and another is shown where it was 
to 3 (filled symbols). From these plots, it is apparent that, wh
Gmaxequals the published value of 6.67µS (Jaslove and Brink,
1986), the high Q10 provides a considerable safety factor fo
transmission at all temperatures between 13 and 30 °
whereas the low Q10 allows transmission to fail above 25 °C.

Part of the reason why the higher Q10 promotes more
effective transmission at high temperatures is that it enable
presynaptic spike to drive more charge through the GMS th
it would if the GMS conductance had a lower Q10. This is
apparent in Fig. 8, which shows plots of the GMS charg
versustemperature for both high and low values of Q10. At all
temperatures above approximately 10 °C, more charge 
driven through the synapse in the high-Q10 model than in the
low-Q10 model. At temperatures below 10 °C, the reverse 
true but, as shown in Fig. 7, at temperatures belo
approximately 13 °C, the threshold value of Gmax falls below
the value of Gmin, 0.67µS. This means that at low temperature
the time constant of the voltage-dependency of the GM
becomes irrelevant; the synapse can transmit effectively ev
in its low-conductance (nominal ‘off’) state.

rrent
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Fig. 8. The effect of differences in the GMS Q10 on 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 by a Q10

equal to 11 (filled circles) and equal to 3 (open circles). The
abbreviations are explained in the legend to Fig. 1.

3 msStim LG

N1

SG

21°C

31°C

21°C

Fig. 9. Transmission from the LG to the segmental giant neurone (SG)
shows similar temperature sensitivity to LG-to-MoG transmission.
The LG is stimulated in the G5/G6 connectives while recording
extracellularly from the SG in the first nerve (N1) of G3. Successive
sweeps are aligned vertically and show the SG response as the
temperature is increased from 21 to 31 °C in steps of 1 °C, and then
reduced again. The SG spike fails at 29 °C as the temperature is
increased, and then reappears at 26 °C as the temperature is decreased.
The abbreviations are explained in the legend to Fig. 1.
Effect of temperature on LG-to-SG transmission

A secondary disynaptic pathway for fast flexor motorneuro
(FFMN) activation by the LG is mediated via the segmental
giant (SG) neurone (Kramer et al. 1981; Roberts et al. 1982).
The SG receives input from the LG through rectifying electric
synapses with properties very similar to those mediating 
LG-to-MoG connection (Heitler et al.1991) and makes output
to the FFMNs, again through rectifying electrical synaps
although these synapses are less powerful than the LG-to-M
and LG-to-SG synapses (Miller et al.1985; Heitler and Darrig,
1986). The LG-to-SG-to-FFMN pathway provides a slow
alternative to the LG-to-MoG pathway for exciting the F
muscle. The LG-to-SG synapse displayed a sensitivity 
temperature similar to that of the GMS (Fig. 9). The latency
the SG spike recorded extracellularly following stimulation 
the LG shortened as the temperature was increased from 21
until the spike itself failed at 29 °C. It continued to fail as th
temperature was raised to 31 °C and lowered back to 26 °C
which temperature it reappeared.

Discussion
The primary question of this research was why the activat

time constant for the voltage-sensitive synapse had such a 
Q10, especially relative to that of the Q10 values for action
potential generation in the pre- and postsynaptic neurones. 
initial idea was that the extreme slowing of the synapse at 
temperature consequent on the high Q10 might lead to failure
of transmission and, hence, be in part responsible for 
of
°C,
e
, at

ion
high

The
low

the

perceived sluggishness of the animals at low temperatu
However, contrary to our initial expectation, transmission a
the crayfish voltage-sensitive electrical synapses is reliable
low temperature, but prone to failure at high temperatur
Clearly, the explanation for the behavioural response 
temperature lies elsewhere, perhaps with the chemic
component of the primary afferent input to the system.

Intracellular recordings showed stable transmission down 
approximately 6 °C (which was the lowest temperature w
were able to achieve with our apparatus while recordin
intracellularly), whereas extracellular recording showe
reliable 1:1 transmission at less than 3 °C. In contrast, spi
transmission across the synapse failed at high temperatures
lower values for isolated nerve cord preparations and at high
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values for more intact preparations. This was true for both 
LG-to-MoG and the LG-to-SG synapses. The LG-to-Mo
synapse is the classic ‘type specimen’ of rectifying electri
synapses (Furshpan and Potter, 1959), and the more rec
discovered LG-to-SG rectifying electrical synapse (Krameret
al. 1981; Roberts et al.1982) has similar voltage-dependenc
(Heitler et al. 1991). This unexpected result provokes tw
further questions: first, why is transmission less effective
high temperatures and more effective at low temperatures 
second, what role does the elevated Q10 play in this rather
counter-intuitive temperature sensitivity?

The pattern of temperature sensitivity of the GMS

Part of the reason for the temperature sensitivity of the G
appears to be the major effect that changes in temperature 
upon the duration of the LG spike and, hence, on the ability
the LG to inject positive charge into the postsynaptic Mo
The model indicates that charge transfer through the G
increases nearly linearly with decreasing temperatures. 
results show that at low temperatures sufficient charge
injected to elicit a postsynaptic spike, despite the relativ
slow increase in junctional conductance that occurs at th
temperatures. Indeed, the model suggests that at 
temperature there is almost no increase in junctio
conductance during a spike (i.e. the synapse ceases to ac
a rectifier and remains in a low-conductance state througho
but that the increased duration of the LG spike is sufficient
maintain a high driving force for long enough to overcome t
high synaptic resistance. Conversely, at high temperatures
shortened duration of the presynaptic spike reduces the ch
transfer through the synapse despite the rapid increas
synaptic conductance.

A second factor that contributes to the greater effectiven
of transmission at low temperatures is the higher inp
resistance of the postsynaptic cell. The model shows tha
5 °C, synaptic current encounters a postsynaptic in
resistance that is 50 % greater than that at 30 °C. Together 
the increased transfer of charge, the higher input resista
accounts for the larger EPSPs recorded at lower temperatu
The higher input resistance helps reduce the current thres
of the model MoG, so that the model cell fires readily 
response to the larger EPSPs. In contrast, at high temperat
the input resistance of the model MoG is reduced and the in
capacitance is increased; both of these changes will reduce
voltage response of the cell to the synaptic current. Finally, 
current threshold of the model MoG is also increased at hig
temperatures, so that more synaptic current is required to ex
the cell.

The exact temperature at which GMS transmission fai
varied between preparations, but it was invariably higher
preparations in which the degree of dissection was minimis
When the nerve cord was exposed in situ in the isolated
abdomen, complete failure at the LG-to-MoG synapse was 
observed at temperatures below 28°C. However, when the n
cord was dissected free from the animal for intracellu
recording, failure could occur at room temperature. It appe
the
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likely that manipulations associated with freeing the nerve co
from the crayfish abdomen may disturb the GMS, so that the g
junctions are no longer able to achieve the high level of synap
conductance that normally occurs during transmission in t
intact abdomen. The simulations demonstrate that a lowe
maximal junctional conductance can cause transmission failu
to occur at lower than normal temperatures. In the model syst
using the published value of Gmax, transmission never failed
even at elevated temperatures; there is a safety factor
approximately 2 at 30°C. This may mean that even o
minimally dissected preparations had suffered some loss of g
junction function. However, a more likely explanation is th
existence of in vivo variation in key model parameters such a
Gmax. Furthermore, in the model, the kinetic parameters of t
spikes are based on standard Hodgkin–Huxley formulation
rather than the (unknown) values appropriate for the LG a
MoG. This means that, while the model reliably reflects th
overall response of the real system to temperature, it would
unwise to draw precise quantitative conclusions from the mod
about factors such as threshold.

The synaptic Q10 of 11

Our use of equation 2, with its Q10 of 11, to describe the
temperature kinetics of the GMS over the range from 5 
34 °C, is an extrapolation from measurements made betwee
and 20 °C (Jaslove and Brink, 1986). The extrapolation appe
justified by the ability of the model to sustain effective
transmission over the full temperature range at which we fou
the GMS could operate in minimally disturbed preparations

The value of 11 for the GMS Q10 is much higher than values
of Q10 for synapses and active membrane conductances, wh
vary between 2 and 5 (Adams, 1989; Burrows, 1989; Byer
et al. 1984; Hodgkin and Katz, 1949; Katz and Miledi, 1965
Kimura and Meves, 1979). The large difference between the
values of Q10 prompted us to ask whether the high GMS Q10

is particularly advantageous for synaptic function. When w
compared the responses of the GMS model using differe
values of Q10 (Figs 7, 8), we found that the high Q10 enables
the GMS to transmit more charge at higher temperatures a
it enables MoG to respond to GMS input at those temperatur
The short synaptic time constant at high temperatures in 
high-Q10 model enables a rapid increase in synapt
conductance in response to a brief LG spike. The rap
conductance increase allows more synaptic current to produ
a larger EPSP in MoG than can occur when the time const
is longer. The larger EPSP brought about by the large Q10

enables LG to excite MoG up to 34 °C. It is true that, at th
lower end of the temperature range, a lower value of Q10 would
produce more effective synaptic transmission. Howeve
because the increased spike duration and lowered postsyna
threshold make a synaptic conductance change unnecess
the increased efficacy that would be provided by a lower-Q10

synapse is also unnecessary. Thus, we conclude that 
functional significance of the large Q10 is to help maintain
transmission at high temperatures rather than to redu
transmission at low temperatures.
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