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SUMMARY

1. The excitability of synaptic structures in the cuneate nucleus was
studied in eighteen decerebrate, unanaesthetized cats during acute changes
in inspired Pco0.

2. Micro-electrode stimulation in the caudal half of the cuneate nucleus
evoked antidromic and orthodromic responses which were recorded simul-
taneously from a forelimb nerve and from the medial lemniscus at the
transacted mid-brain surface.

3. Increases in the concentration of inspired CO2 (2-20 %) progressively
decreased the direct excitability of both the afferent fibre terminals
(reflected in the antidromic potentials) and the cuneate relay neurones
(reflected in the ac wave ofthe orthodromic lemniscal response). Synaptically
mediated responses, recorded as the ft component of the lemniscal poten-
tials, were also depressed.

4. The relation between input and output at the cuneate was deter-
mined by plotting antidromic against trans-synaptic (ft lemniscal) responses
for different intensities of stimulation. The mean slope for logarithmic
values of control potential amplitudes was 1 17 ( + S.E. 0.13). It therefore
appears that the transfer function for the cuneate is linear over a wide
range.

5. In the majority of experiments the input-output relation was un-
changed or increased by raising Pco0. It was concluded that the efficiency
of synaptic transmission and release of transmitter appeared to be well
maintained or possibly increased at individual active synapses during
hypercarbia.

6. The depressant action of CO2 on afferent transmission can therefore
be attributed largely to a block of impulse conduction in the primary
afferent fibres.
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INTRODUCTION

An attempt has been made in the present study to determine the site
of a transmission failure produced by CO2 in the dorsal column-lemniscal
system, which was described in the previous paper (Morris, 1971 a). The
block might occur along the path of the afferent fibres or at their synaptic
connexions, and could be due to depression of excitability or a decrease in
synaptic efficiency, for example by a diminished release of transmitter or
lower sensitivity of receptors. The first relay of the dorsal column-
lemniscal system in the cuneate nucleus, where the synapses are densely
collected close to the surface, provides ready access to study changes in
synaptic events. With the technique described by Wall (1958), it has been
possible to examine the effects of increasing amounts of CO2 on pre- and
post-synaptic excitability and the synaptic mechanism and thus to esti-
mate the input-output relation of the cuneate.

METHODS

The experiments were carried out on eighteen cats, decerebrated under initial
halothane anaesthesia. The surgical preparation, administration of CO2 and times of
observation were as described in the previous paper (Morris, 1971a); eight of the
animals contributed data to both groups of experiments. Four animals breathed
spontaneously; all others were paralysed with 0.1 % succinylcholine chloride
(Anectine, Burroughs Wellcome & Co., Ltd) and ventilation was controlled.

Stimulation and recording. Coarse glass micro-electrodes, filled with 1-4 M-NaCI,
with tips of 20-40 ,Cl and resistances of 100-300 kQ, were used for stimulation in the
cuneate nucleus. Their exact placement is described in the Results section. Pulses
of 10-80 V and 0-01-0-2 msec duration at 1 Hz were delivered through a series
resistance of 100 kId.
In five experiments a forelimb nerve was stimulated with bipolar platinum elec-

trodes and 0.1 msec pulses of < 3 mA at 1 Hz.
Monophasic antidromic potentials were recorded from a forelimb nerve with a

pair of platinum electrodes. Potentials were recorded from the medial lemniscus with
two platinum electrodes (diameter 0 3 mm), which were insulated to the tip and held
in separate micro-manipulators. A recording electrode was first placed approxi-
mately on the transacted surface of the mid-brain, according to stereotactic co-
ordinates of Jasper & Ajmone-Marsan (1954) and the largest response to cuneate
stimulation was then sought. An indifferent electrode was placed about 10 mm away
to diminish the stimulus artifact by differential recording. In some experiments field
potentials, in response to stimulation of a nerve, were also recorded with the cuneate
micro-electrode.

Fig. 1 shows a diagram of the stimulating and recording arrangement and examples
of the potentials evoked simultaneously by increasing intensities of stimulation in
the cuneate. At the right are antidromic potentials recorded from a forelimb nerve.
The main peak is the direct response, while the later responses which fail at low
stimulation frequencies (10-20 Hz) are due to reflex activity, such as the dorsal root
reflex (Andersen, Eccles, Schmidt & Yokota, 1964 b). At the left are orthodromic
potentials recorded from the medial lemniscus: the first arrow marks an early a
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CO2 AND SYNAPTIC TRANSMISSION
component, evoked by direct excitation of the cuneate neurones; the second arrow
marks a trans-synaptic fi component, evoked by the stimulation of fibre terminals.
The stimulus-response curves below the traces give the amplitude of the first
potentials of each group of responses, and represent the direct excitation of the
afferent terminals and the cuneate relay neurones.
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Fig. 1. Diagram showing dorsal column afferent pathway and stimulating
and recording electrodes. S1, micro-electrode stimulation. S2' peripheral
nerve stimulation. R1, bipolar recording from superficial radial nerve.
R2, differential recording from medial lemniscus. R3, recording with
micro-electrode of field potential response to afferent volleys. At right are
antidromic potentials recorded from nerve and evoked by cuneate stimu-
lation (30-75 V). Below is stimulus-response curve for amplitude of the
main peak. At left are medial lemniscal responses to cuneate stimulation
(10-80 V): the direct (a) wave at first arrow, followed by two peaks of
higher amplitude - the trans-synaptic (fI) wave at second arrow. Graph
below shows stimulus-response relation for the a wave amplitude.

RESULTS

Criteria for the placement of the stimulating electrode
The stimulating electrode was inserted with a micro-manipulator verti-

cally into the dorsal surface of the cuneate nucleus to depths of 0-3-1-0
mm. The area studied was 1-4 mm caudal to the obex, and 1-2 mm lateral
from the mid line. The tip of the electrode was considered to be in the
densest synaptic regions by at least one of the following criteria:
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(i) reversal offield potentials. The slow surface-positive potential, evoked in the
cuneate by an afferent volley and which has been ascribed to a sustained depolari-
zation of presynaptic terminals, reverses at depths < 1 mm (Therman, 1941;
Andersen et al. 1964a). Fig. 2A shows an example of potentials at the surface and
near the depth of reversal.

(ii) maximal presynaptic facilitation by a conditioning volley. The change in excita-
bility of afferent fibres has been shown to be greatest near their terminals (Wall,
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Fig. 2. A. Changes in field potentials recorded with micro-electrode at 0-0
and 0 3 mm depth in cuneate in response to forelimb nerve stimulation.
Early surface negative potential increases and later positive potential
decreases and reverses as electrode passes into synaptic region.

B. Facilitation of antidromic potentials of superficial radial nerve,
when cuneate micro-electrode stimulation is preceded by a conditioning
afferent volley from the median nerve (interval 50 msec). Effect increases
as electrode penetrates nucleus, and here was maximal at depth 1 mm.

C. Differential sensitivity to anoxia of terminal and more distal parts of
afferent fibres. Antidromic responses of superficial radial nerve to micro-
electrode stimulation in the cuneate nucleus (CN) and 15 mm caudal in the
dorsal column (DC) show that excitability of terminals fails earlier than
that of dorsal column fibres. Duration of inhalation of 100% nitrogen is
given in min and sec at right-hand side of figure.
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CO2 AND SYNAPTIC TRANSMISSION
1958). When a stimulating micro-electrode is inserted into the cuneate, the facilita-
tion of an antidromic nerve potential by a conditioning afferent volley becomes
progressively greater and reaches a maximum at depths of < 1mm (Andersen et al.
1964b). Fig. 2B shows the largest increase in the direct response in one experiment
where the electrode depth was 1 -0 mm.

(iii) Differential change in amplitude ofpotentials evoked at different electrode depths.
As shown in Fig. 3, when a stimulating electrode penetrates the cuneate, the re-
sponses to excitation of the afferent terminals - the antidromic potentials at the
nerve and the ft lemniscal potentials (with latency long enough to include a synaptic
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Fig. 3. Amplitude changes of potentials evoked by 70 V stimulation
through a micro-electrode at increasing depths in the cuneate (1 mm
caudal to obex). Changes in antidromic potentials in superficial radial
nerve (0) correspond closely to those in first trans-synaptic (fi) potential
-of medial lemniscal response (0) while the direct (a) lemniscal potential
(A) increases independently. S, electrode near surface of cuneate in
irrigating fluid. (Amplitude scale is in mm from photographic record of
oscilloscope traces.)

delay) - change concomitantly. At the same time the direct a lemniscal potential
progressively increases. The depth at which there is a maximal response to terminal
excitation corresponds to the point of maximal presynaptic interaction and reversal
of the field potential. Therefore this can be considered as the region of greatest
density of afferent terminals.

(iv) 8eneitivity to anoxia. During anoxia the excitability of the afferent terminals
in the spinal cord and in the cuneate nucleus is depressed more easily than that of the
parent fibres (Edisen, 1957; Galindo, 1969). This was confirmed by the inhalation of
pure nitrogen at the end of most experiments, when antidromic responses from the
cuneate disappeared. The stimulating electrode was either withdrawn into the zone
of the ascending afferent fibres, close to the surface and away from the terminal
regions, or re-introduced at a point about 20 mm more caudal in the dorsal column;
or two separate electrodes were used to stimulate at the same time the cuneate and
the dorsal column (Fig. 20). The antidromic response from the cuneate consistently
failed earlier than that obtained by stimulation of the dorsal column fibres. This
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suggested that it was indeed the excitability of the terminal part of the afferent fibre
which was being tested during the experiments.

Effects of C02 on afferent terminal excitability
The inhalation of 2-20 % C02 caused a gradual diminution of the

potentials antidromically conducted to a forelimb nerve in response to
stimulation of the afferent terminals. Fig. 4 illustrates, in the upper row of
traces, the decreases with 20% C02 in one experiment.

Changes in the amplitude of the directly evoked potentials reflect the
number of excited fibres, which in turn are related to the strength of
stimulus (Wall, 1958).

Control 20% CO2 Recovery

CNJ-LXSRN ]I V

ImV

5 msec

Fig. 4. Effect of breathing 20% C02 for 7 min on potentials evoked by
stimulation of synaptic regions in the cuneate. Above, antidromic potentials
recorded from superficial radial nerve (SRN) in response to micro-electrode
stimulation in cuneate (70 V, 0-2 msec pulse, 1 Hz). Below, medial
lemniscal (ML) responses evoked at the same time. Recovery traces
10 min after C02 administration stopped.

Method of calculating excitability. Changes in excitability can be calculated as a
ratio of stimulus intensities:

(i) The amplitude of the changed response to a given stimulus (S2) is referred to a
calibration curve to determine the strength of stimulation (S1) which would have
produced the same response (Graham & Lorente de N6, 1938). For example, an
excitability change (S1/S2) x 100 = (40/80) x 100 = 50% would be obtained if, in
the right stimulus-response curve of Fig. 1 the antidromic response to 80 V decreased
from 2-15 to 0-45 mV.

(ii) An alternate method is to compare stimulus-response curves (Eccles, Magni &
Willis, 1962). The curves were derived from four to eight responses to stimulus
intensities in the range 3-10 times threshold, and compared by calculating a mean
of three stimulus intensity ratios. Fig. 5 illustrates the method in one experiment
where 10% C02 was given. A mean excitability change was calculated from the
stimulus ratios at the middle and extremes of a linear range of the stimulus-response
relation, before (S1) and during (S2) the inhalation of C02. Ratios of S1/S2 = 73/80,
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CO2 AND SYNAPTIC TRANSMISSION 677

61/68 and 51/56 gave a mean change to 90% of the control value. The mean
coefficient of variation, determined from the means of three ratios for each of 30
administrations of C02 in fourteen experiments, was 2-74% (+ S.D. 3 86).
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Fig. 5. Example of method of calculating excitability from stimulus-
response curves. Effect of inhalation of 10% C02 on amplitudes of anti-
dromic responses to different intensities of cuneate stimulation. Control
*; C02 (6 min) 0; recovery (10 min) A. Continuous lines drawn by eye.

At dashed horizontal lines, three ratios of the stimuli required to produce
the same response during high C02 (S2) and during the control period (S1)
are calculated (Sl/S2 x 100). The excitability was changed by C02 to 90 4%
of control level (mean calculated from ratios of 73/80, 61/68 and 51/56).

Fig. 6 shows how the excitability of the afferent terminals was reduced
in one experiment when 2, 4, 10 and 20% C02 were administered.
The excitability changes from 30 observations in fourteen experiments,

calculated from stimulus-response curves, are summarized in the graph
of Fig. 7. Terminal excitability was inversely related to the concentration
of inspired CO2 (correlation coefficient r = -0-81, P < 0.001). On the
average, excitability was depressed to 84% with 10% C02, and to 73 %
with 20% CO2
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Effects of C02 on the excitability of cuneate relay neurones

Stimulation in the region of the afferent terminals in the cuneate
nucleus, in addition to evoking antidromic potentials in peripheral nerves,

also produced in the lemniscal relay fibres the orthodromic potentials
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Fig. 6. Effects of inhalation of 2, 4, 10 and 20% CO2 on excitability of
afferent cuneate terminals, as reflected in antidromic potentials of the
superficial radial nerve. Arrows mark times of administration of CO2.
Control values to left of first arrow are consecutive responses during one

minute before start of CO2. 80 V stimulation in cuneate with micro-
electrode. Excitability calculated as a stimulus-equivalent ratio from a

control calibration curve and expressed as a % of the control mean.
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which were recorded at the cut surface of the mid-brain (see Fig. 1). The
first component, the a wave, because of its brief latency and ability to
follow > 200 Hz frequencies of stimulation, probably represents the direct
electrical response of the cuneo-thalamic relay cells and/or their fibres
(Andersen, Eccles, Oshima & Schmidt, 1964). The second component, the
biphasic , wave, is probably trans-synaptic, arising from excitation of the
fibre terminals; this is suggested by its longer latency and ability to follow
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Fig. 7. Relation of afferent terminal excitability to concentration of
inspired C02. Data from thirty observations in fourteen cats. Mean values
of excitability, calculated from changes in stimulus-response curves of
antidromic potentials are from four, seven, eleven and eight cats during
administrations of 2, 4, 10 and 20% C02 respectively. Vertical bar + 1 S.E.
Regression equation, calculated from all values, is Y = 99-1-39X; s.E.
of regression coefficient + 0O 13.

a high frequency of stimulation but with more rapid attenuation than the
a wave, and by the observation that its amplitude varies in parallel with
the amplitude of the antidromic potentials in the peripheral nerve, when
the depth of the stimulating micro-electrode is changed.

Direct responses. The direct excitability of the cdineate relay neurones,
as reflected in the amplitude of the az wave of the medial lemniscal poten-
tials, was also depressed by the inhalation of CO2. A small but distinct
depression of this component during the inhalation of 20% CO2 can be
seen in the second row of responses of Fig. 4. The progressive effects of
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increasing amounts of C02 are shown in the example of Fig. 8 and by the
grouped data from twelve cats (twenty-nine administrations of C02) of
Fig. 9. These changes were not as great as those in the afferent terminals
(cf. Fig. 7). For example, the inhalation of 20% C02 depressed the
excitability of the terminals to 73% ( + S.E. 5.2), and that of the post-
synaptic neurones to 83% ( ± S.E. 3.1). The regressions of excitability on
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Fig. 8. Effects of inhalation of 2, 4, 10 and 20% C02 on post-synaptic
excitability of cuneate relay neurones, as reflected in amplitudes of aZ
medial lemniscal response to cuneate micro-electrode stimulation (80 V).
Arrows mark periods of C02 inhalation. Control values to left of first arrow
are consecutive responses during 1 min before start of CO2. Excitability
(expressed as a % of a control mean) is calculated as a stimulus-equivalent
ratio from a control calibration curve.
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C02 AND SYNAPTIC TRANSMISSION

the concentration of inspired CO2 were significantly different (P < 0 001;
regression coefficients 1V39 (± s.E. 0-13) for the terminal and 0-87 (± S.E.
0.09) for the post-synaptic effect).

Trans-synaptic responses. The trans-synaptic (fi) lemniscal responses to
stimulation of the terminals in the cuneate were also significantly depressed
by C02, as would be expected from the changes in terminal excitability.
This may be seen in the lower traces of Fig. 4 (second and third peaks).
The changes in the /, wave were not as profound as might have been pre-
dicted from the depression of pre- and post-synaptic excitability, and this
led to the following analysis of synaptic transmission.
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Fig. 9. Relation of post-synaptic excitability to concentration of inspired
C02. Data from twenty-nine observations in twelve cats. Mean values of
excitability, calculated from changes in stimulus-response curve of a
lemniscal potentials are from four, five, eleven and nine cats during in-
halation of 2, 4, 10 and 20% C02. Vertical bar +1 s.E. Regression equation,
calculated from all values, is Y = 99 9-0 87X; S.E. of regression co-
efficient + 0 10.

Effects of C02 on the input-output relation of cuneate transmission
In order to assess the effects of CO2 on the synaptic transmission in the

cuneate, the efficiency of output for a given input was estimated by com-
paring the orthodromic and antidromic responses evoked simultaneously
by direct excitation of the afferent terminals. The antidromic nerve
potential gives an estimate of input, on the assumption that its amplitude
is proportional to the number of active terminals. The trans-synaptic (/5)
lemniscal potential estimates output, on the assumption that its amplitude
represents the number of responding neurones.
The input-output relation. Input-output plots were constructed from

the data of sixteen experiments, in each of which a range of between five
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and twelve different intensities of cuneate stimulation was used. Some of
the curves did not pass through the origin (see Fig. 10), while in those
which did, output appeared to increase rapidly for an increase in input.
The highest significance for the regression of output on input was

obtained when straight lines were fitted to values plotted on log-log
graphs (correlation coefficient, r: P < 0 001 in 37 control plots and
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Fig. 10. Effects of inhalation of CO2 (10 %, A, B, C; 20 %, D, E, F) on the
input-output relation of synaptic transmission, evoked by different
intensities of stimulation in the cuneate. Input represented by amplitude
of antidromic responses in superficial radial nerve. Output represented by
amplitude of trans-synaptic (fi) responses in medial lemniscus. 0, control
values; 0O while CO2 was given (7-10 min). (Data from five cats; A and F
in same cat. Amplitudes in arbitrary units; curves drawn by eye).
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CO2 AND SYNAPTIC TRANSMISSION

P < 0 05 in three others). The mean slope was 1-17 (± s.E. 0.13), while
the median was 1-01.

Effects of CO2. In the majority of experiments the relation of output to
input did not alter during administrations of 2-20% CO2. Fig. 10 shows in
six plots (from five different animals) the effects of 10% C02 (A, B, C) and
20 % C02 (D, E, F). Decreases in output corresponded to decreases in
input, and so the shape of the curves was little changed.

TABLE 1. Effects of C02 on the input-output relation of the cuneate nucleus. A
regression analysis of the slopes of the logarithmic amplitude plots of trans-synaptic
(fi) lemniscal and antidromic potentials, evoked by different intensities of cuneate
stimulation (cf. Fig. 10). Data from sixteen cats. (forty observations). Figures re-
present numbers of slope comparisons, categorized at the 5% significance level
(F-test)

Slope of input-output
relation, compared

to control 4% C02 10% C02 20%002
With full recovery*
Unchanged 5 8 7
Increased 1 1 0
Decreased 0 2 2
Total 6 11 9

Without full recovery
Unchanged 3 5 2
Increased 1 2 0
Decreased 0 0 1
Total 4 7 3

* Recovery defined as full when slopes before and after CO2 were not significantly
different (P > 0 05).

Table 1 summarizes a statistical comparison of the logarithmic input-
output regressions from sixteen cats before and during the effects of C02
(F-test, Snedecor (1956)). The slopes were either unchanged or increased
by 4% CO2. They did not change significantly (P > 0.05) during the
inhalation of 10 and 20% C02 in sixteen of twenty cats where there was
full recovery. When control and recovery slopes were dissimilar, there was
in most cases also no decrease in slope when C02 was given.

DISCUSSION

Excitability of cuneate neurones
In these experiments micro-electrodes were inserted to depths < 1 mm

into the cuneate, and were judged by several criteria to be near the pre-
synaptic terminals. Since the space constant of vertebrate nerve fibres is
1-2 mm (Barron & Matthews, 1935; Lussier & Rushton, 1951), it seems
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reasonable to conclude that the direct (o) lemniscal potential evoked by
stimulation in the cuneate substantially reflects the excitability of the
post-synaptic neurones (Andersen et al. 1964).

Excitability of afferent terminal
An analysis of possible failure of synaptic transmission must include an

estimate of the relation of output to input. The f lemniscal response and
the antidromic response to direct stimulation of the afferent cuneate
terminals provided some relevant data.

Trans-synaptic response. The ft peak of the lemniscal potential follows
the a peak at an interval of > 1 msec, which is greater than the mean inter-
spike interval of spontaneously firing cuneate units (Amassian, Macy,
Waller, Leader & Swift, 1964; Schwartz, 1965). These neurones can
follow peripheral stimulation rates of 300 Hz and have negligible positive
after-potentials (Amassian & De Vito, 1957; Andersen, Eccles, Oshima &
Schmidt, 1964). Since the response of relay neurones to antidromic in-
vasion from juxtaliminal stimulation of the lemniscus is a single discharge
(Amassian & IDe Vito, 1957; Gordon & Seed, 1961; Andersen et al. 1964c),
there is probably little or no repetitive firing from their direct stimulation.
Therefore the ft trans-synaptic response will not fall in the refractory
period following the aZ wave. It may reasonably be considered an index
of synaptic output.

Antidromic response. Antidromic responses to cuneate stimulation can
be recorded from more than one nerve at the same time. In addition, the
dorsal roots receive fibres from different nerves and have been shown to
have a localized distribution in the cuneate (Keller & Hand, 1970). There-
fore, the potentials recorded from one nerve represent only part of the
total number of afferent fibres excited.
The tests used to determine the final position of the stimulating elec-

trode in the cuneate suggested that impulses were initiated in the afferent
fibres near their endings. Even so, there is probably greater security for
antidromic conduction in the parent fibres than for orthodromic trans-
mission in the diverging terminal branches. Synaptic input will, in this
respect, be over-estimated by the antidromic potential.
The response at the nerve may therefore be considered to provide an

approximate index of the number of active synapses in the cuneate.

Changes in excitability
Variations in the amplitude of the monophasic antidromic potentials

evoked by a constant stimulus can be ascribed to corresponding changes
in the excitability of the afferent terminals and therefore in the number of
fibres excited (Wall, 1958). The only necessary assumptions are that the

MARY E. MORRIS684



CO2 AND SYNAPTIC TRANSMISSION
amplitude and synchronization of individual fibre spikes are not signi-
ficantly altered.

During the inhalation of C02 any change in the spike height of both the afferent
fibres and the relay neurones is probably small, and is likely to be an increase rather
than a decrease. Observed variations in membrane potential caused by C02 in
vertebrate peripheral nerve fibres have been in the order of only a few millivolts and
mainly hyperpolarizing in direction (Straub, 1956; Lorente de N6, 1947). During
intracellular recording in the toad motoneurone, C02 caused a hyperpolarization,
an increase in spike amplitude and eventually abrupt loss of the response (Washizu,
1960). Krnjevic, Randi6 & Siesj6 (1965) recorded hyperpolarization in the
mammalian motoneurone although Papajewski, Klee & Wagner (1969) found a loss
of excitability with both depolarizing and hyperpolarizing changes.
A decrease in conduction velocity probably makes only a minimal contribution to

the changes in potentials: the increases in transmission time observed for both anti-
dromic and lemniscal potentials in these experiments were < 4 %. From the narrow
range of thresholds and conduction velocities of the dorsal column and lemniscal
fibres, it may be assumed that the potentials are produced by relatively homo-
geneous groups of fibres (Rudin & Eisenman, 1953) and that all fibres in a group
would be affected to the same extent by C02. That this is so is suggested by the
observation that during the inhalation of C02 the stimulus-response relation
remained linear; moreover changes in stimulus-equivalent ratios were reasonably
similar over the range of voltages used. The more homogeneous the fibre population,
the more reasonable is the approximation of the measurement of the potential ampli-
tude to that of the area, and the less significant are any changes in conduction
velocity.

Hence, one can conclude that the depression of antidromic and lemniscal poten-
tials represents mainly a decrease in the number of responding fibres and therefore
a reduction in the excitability of the afferent terminals and the cuneate relay
neurones.
The excitability changes of the afferent terminals may be even greater than

reflected in the antidromic potentials, since thresholds will be highest for small final
branches, and the impulse is likely to arise from adjacent regions of lower threshold.
Antidromic impulses from several branches of a single parent axon are less likely
to fail than those1 ascending orthodromically as fibres branch and decrease in size,
the myelin cover is lost, and threshold rises. Impulse transmission in the primary
afferent fibres has been shown to have a much higher safety factor for antidromic
conduction from the dorsal columns than for orthodromic conduction from nerve to
the spinal cord (Barron & Matthews, 1935; Wall, Lettvin, McCulloch & Pitts, 1955;
Raymond, 1969; Morris, 1970). It seems unlikely that there will be losses in the
antidromic potential, but rather that changes in synaptic input may be somewhat
underestimated.

Synaptic tran8mis8ion
It is of some interest to consider the nature of the transfer function at

the cuneate nucleus (Eccles, 1966; Mountcastle, 1966). The input-output
plots derived from amplitudes of the antidromic and trans-synaptic
potentials showed variation, possibly owing to some disparity in the
representations of input and output caused by differences in the position
of the stimulating electrode in the cuneate. It was therefore not sur-
prising that the exponents of the input-output functions had a wide range
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(S.D. + 0.8). However, the median and mean slopes had values close to 1-0.
This strongly suggests that transmission through the cuneate is pre-
dominantly linear, as has been found in some other regions of the central
nervous system (Lloyd, 1957; McIntyre & Mark, 1960).
From the changes in terminal and post-synaptic excitability, it might

have been predicted that the trans-synaptic responses would be depressed
by CO2. However, the input-output analysis, relating the trans-synaptic
and antidromic potentials, showed that for a given input the output at the
cuneate was usually well maintained or even increased, in spite of a signi-
ficant depression of the direct excitability of the relay neurones. Thus, one
can conclude that for impulses which reach the synapse, the efficiency of
synaptic transmission is not only not obviously diminished but is even
likely to be enhanced, possibly by an increase in the release of transmitter
or in post-synaptic chemical sensitivity.

Hyperpolarization of the afferent fibre membrane could potentiate the release of
transmitter at individual terminals. The amount of transmitter released has been found
to depend on the amplitude of the presynaptic spike in the squid ganglion (Tasaki
& Hagiwara, 1957; Katz & Miledi, 1966, 1967) and the rat diaphragm (Liley, 1956).

There is little evidence that membrane sensitivity is altered by an increase in
acidity or in Pco2 (Krnjevi6 & Phillis, 1963; Krnjevic et al. 1965); although the
ionization of the proposed chemical transmitters for the cuneate (Galindo, Krnjevic
& Schwartz, 1967) would not be significantly altered by the likely changes in pH, the
ionization of the membrane receptors might be. The efficiency of transmission could
possibly be raised by an increase in membrane resistance causing a larger EPSP, as
found with acetylcholine at the neuromuscular junction (del Castillo, Nelson &
Sanchez, 1962).

The fact that CO2 depresses overall dorsal column-lemniscal trans-
mission (Morris, 1971 a) without lowering the efficiency of synaptic transfer
at the cuneate can only be explained by a significant block of the synaptic
input, i.e. of conduction in the afferent fibres. Regions of low safety factor,
such as points of branching (Krnjevic & Miledi, 1958) would be most
vulnerable: the most likely sites of block are therefore in the spinal cord
near the entry of the dorsal roots (Wall et al. 1955; Raymond, 1969;
Morris, 1971 b) and in the preterminal regions in the cuneate. Analysis of
quantal aspects of transmission in the spinal cord confirms that CO2
causes a conduction block in afferent fibres (D. W. Esplin, B. A. Esplin,
& R. Napek, personal communication).
A single mechanism which could explain increased release of trans-

mitter, decreased terminal and post-synaptic excitability and conduction
block in afferent fibres, would be hyperpolarization and increased con-
ductance of the membrane. Hydrogen ions and CO2 increase chloride
permeability in vertebrate muscle (Hutter & Warner, 1967) and in
neurones of Aplysia (Brown & Berman, 1970; Brown, Walker & Sutton,
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1970). At present, there is insufficient data for the mammalian central
nervous system to allow any conclusions about the permeability change
which CO2 might produce.
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