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Abstract—We studied the effects of reversible cooling on synaptic transmission in slices of rat visual cortex. Cooling had marked
monotonic effects on the temporal properties of synaptic transmission. It increased the latency of excitatory postsynaptic potentials
and prolonged their time-course. Effects were non-monotonic on other properties, such as amplitude of excitatory postsynaptic
potentials and generation of spikes. The amplitude of excitatory postsynaptic potentials increased, decreased, or remain unchanged
while cooling down to about 2C, but thereafter it declined gradually in all cells studied. The effect of moderate cooling on spike
generation was increased excitability, most probably due to the ease with which a depolarized membrane potential could be brought
to spike threshold by a sufficiently strong excitatory postsynaptic potential. Stimuli that were subthreshold &6@aiRDreadily
generate spikes at room temperature. Only at well belo¥ duld action potentials be completely suppressed. Paired-pulse
facilitation was less at lower temperatures, indicating that synaptic dynamics are different at room temperature as compared with
physiological temperatures.

These results have important implications for extrapolaitngtro data obtained at room temperatures to higher temperatures.
The data also emphasize that inactivation by cooling might be a useful tool for studying interactions between brain regions, but the
data recorded within the cooled area do not allow reliable conclusions to be drawn about neural operations at normal temperatures.
© 2000 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Effects of temperature on the membrane properties, propa-First, we wanted to assess the possibility of a comparison of
gation of spikes and synaptic transmission have long results ofin vitro experiments, which are usually performed
been appreciated. However, most of these studies wereeither above 3 or at room temperature, not both. Most
done on preparations from invertebrates or lower verte- often the results obtained at room temperature are simply
brates!®18.2024.2637415yhjle there is only limited data from  taken as valid for drawing conclusions about functioning of
higher vertebraté>2"445!However, there are indications that the nerve cells under physiological conditions. Our present
temperature dependence of the functioning of mammalian results expose the limitations of such inferences. The second
and non-mammalian cells can be quite diffeférftf. also aim was to help in interpretingn vivo experiments that
Refs 18 and 27). These differences are not surprising, sinceuse cooling as a tool of inactivation of specific brain
mammalian nerve cells are adapted to perform best aroundregions!1%223336.39.43.458 hag often been implicitly assumed
36-38C, but the nerve cells of lower vertebrates and inverte- that cooling leads to a gradual reduction of nervous activity,
brates need to work at lower temperatures and in a muchparticularly the occurrence of spikes, either spontaneous or
wider range: from slightly above’Q to about 35C, but rarely stimulus induced. However, some studies indicate that this
higher. For that reason, the results of experiments on inverte-assumption might be not correct, and that gradual cooling
brates and lower vertebrates may have only a limited rele- leads first to an increased reactivity of nerve cells, and only
vance for mammals. thereafter to the blockade of activity:>Results of the present
Recently we have described modifications of the basic study confirmed that excitability of neurons is increased
membrane properties and spike generation in neocortical during moderate cooling, and depolarization block of spike
cells, associated with changes of the recording temperé&ture. generation occurred only at temperatures beloRC10An
It is reasonable to expect that changes such as cooling-understanding of the cellular processes that take place during
induced depolarization of cells and broadening of the action cooling can provide a framework for adequate interpretation
potential that we have shown should have an impact on synap-of the experimental results.
tic transmission. Therefore, we set out to investigate proper- Part of these data appeared in abstract f&rm.
ties of synaptic transmission in neocortical slices during

Cooling and re-warming. This StUdy had two main purposes. EXPERIMENTAL PROCEDURES
Slices
$To whom correspondence should be addressed at: Department of Neuro- Slices of the visual cortex of 27—-63-day-old Wistar rats (Charles
physiology. Tel.: + 49-234-322-5226; fax:+ 49-234-321-4192. River GmbH, Suzfeld, Germany) were prepared by conventional
E-mail addressmaxim@neurop.ruhr-uni-bochum.de (M. Volgushev). methods®® The rats were anaesthetized with ether, decapitated and
Abbreviations: EGTA, ethyleneglycolbis(aminoethyl ether)tetra-acetate; the brain was rapidly removed and put into an ice-cold oxygenated
EPSP, excitatory postsynaptic potential; HEPES-hydroxyethylpi- solution. One hemisphere was mounted on to an agar block and 350—
perazineN'-2-ethanesulphonic acid; NMDAN-methyl-p-aspartate; 4004.m-thick sagittal slices containing the visual cortex were cut
PPF, paired-pulse facilitation.; TBS, Tris-buffered saline. with a Vibrotome (TSE, Kronberg, Germany) in ice-cold oxygenated
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Fig. 1. Morphological verification of a recorded cell as a layer 2/3 pyramid. Reconstruction on the left shows the dendritic tree (thick linescalidtexals
(thin lines) drawn from two sections of a slice showing a cell body and its spatial location within the cortex. The microphotograph shows the oell body a
spiny apical and basal dendrites as well as the initial part of the axon and its collaterals.

solution. After cutting, the slices were placed into an incubator where measurements because of large depolarizing shifts of the resting
they recovered for at least 1 h at room temperature. Then a slice wasmembrane potential associated with cooling. The spike area was
placed in a recording chamber. The solution used during the prepara-measured as the integral area under the curve from spike origin to
tion of the slices had the same ionic composition as the recording the moment when the amplitude after the peak exceeds the threshold
medium (as below), except far-glutamine. The methods used in by less than 15 mV.

this study were in accordance with the guidelines published in the

European Communities Council Directive (86/609/EEC, 1986) and

were approved by the regional animal welfare committee (Arnsberg, Morphology

Germany). The tissue containing biocytin-labelled cells was processed as
follows: slices were fixed overnight in 2—-4% paraformaldehyde
containing 0.5% glutaraldehyde (E. Merck, Darmstadt, Germany) in
0.1 M phosphate buffer (pH 7.4) and cut into @f? sections on a

Perfusion medium contained (in mM): 125 NaCl, 2.5 KCI, 2 GaCl  freezing microtome. After several rinses in phosphate buffer and
1 MgCl, 1.25 NaHPO,, 25 NaHCQ, 25 p-glucose and 0.5-gluta- Tris-buffered saline (TBS; Tris-buffer, TrizrflaBase plus Trizma
mine bubbled with 95% @5% CQ,. Temperature in the recording  hydrochloride, pH 7.6, Sigma), the sections were incubated in
chamber was varied from 7 to 35 and monitored with a thermo- avidin—biotin complexed with horseradish peroxidase (1:200, ABC,
couple positioned close to the slice, 2—3 mm from the recording site. Vector Laboratories, Burlingame, CA, U.S.A.) diluted in TBS contain-

Patch-electrodes were filled with a K-gluconate or Cs-methane- ing 0.05% Triton X-100 at 4 overnight. The sections were then
sulphonate-based solution (in mM: 127 K-gluconate or Cs-methane- rinsed in TBS, followed by Tris and incubated for the enzymatic reac-
sulphonate, 20 KCI, 2 MgGl2 NgATP, 10 HEPES, 0.1 EGTA and tion in 0.005% 3,3diaminobenzidine-4-HCI (Sigma) in TBS supple-
0.3-1.0% biocytin) and had a resistance of 2-8@.MWhole-cell mented with CoGl intensification for 20 min. Hydrogen peroxide
recordings from pyramidal and non-pyramidal neurons in layers II- (final concentration 0.00125%) was added to complete the enzymatic
VI in slices of the visual cortex were made under visual control using reaction. The sections were washed in Tris buffer, then in phosphate
Nomarski optics and infra-red videomicroscody® Some of these buffer and they were then postfixed in 1% QgSigma) in phosphate
cells were labelled with biocytin to verify their morphological type buffer for 15—-30 min, dehydrated and embedded in Durcupan ACM
and position within the cortex. Responses to current or voltage stepsresin (Fluka, Neu-Ulm, Germany) on slides. Three-dimensional recon-
and to synaptic stimulation were recorded. Synaptic responses werestruction was made using a 180oil objective and the Neurolucida
evoked by electric shocks (50-108, 5-300wA) applied through system (MicroBrightField, U.S.A.).
bipolar stimulation electrodes located 0.5—-1.5 mm below or lateral
to the recording site. Electric shocks were applied as paired pulses .
(50-ms interpulse interval) at 0.017—-0.066 Hz. Chemicals

After amplification using Axoclamp-2A (Axon Instruments), both — The following chemicals were obtained from Sigma (Deisenhofen,
electrophysiological and temperature data were digitized at 5 or Germany): biocytin, Cs-methanesulphonate, EGTA, HEPES, K-
10kHz and fed into a computer (PC-486; Digidata 1200 interface gyconate-glutamine, NgATP, tetrodotoxin. The remaining chemi-

and pCLAMP software, Axon Instruments) for off-line processing cals were from J.T. Baker B.V., Deventer, Holland, when not indicated
using programs written by one of us (M.V.). Statistical analysis was gtherwise.

based on a two-tailed Student¢est and Wilcoxon—Mann—Whitney
test. The differences were considered as significaRt<a0.05 unless
stated otherwise. The data are presented as thé&ak.M. RESULTS
The excitatory postsynaptic potential (EPSP) amplitudes were
measured as the difference between the mean membrane potential \Whole-cell recordings were made from different types of
within two windows of 1-5ms width, one positioned immediately neyrons in slices of the visual cortex of adult rats. Cells of a

before the response and another one around the peak of the average - . . s
EPSP (five to 50 individual responses), or on the last portion of the c€'t@in morphological type and location within the cortex

rising slope. To calculate the latency of the EPSP, its origin was Were pre-selected using infra-red videomicroscopy with
determined as the point from which the potential was rising over the contrast enhancemeft.Some of the cells (19 of 32) were
next 1-5 ms with a gradient within a pre-set range. The time between jnjected with biocytin and their morphological type was veri-

the determined EPSP origin and stimulus artefact was taken asg: ; ; :
response latency. The spike amplitudes were measured in two Ways:fled‘ Atypical example of a layer 23 pyramidal cell is shown

from the origin of the regenerative process (spike threshold) and from IN Fig._ 1, with a CharaCt?riStiC pattern of axon collaterals and
the resting membrane potential to the peak. We have used both thesedendritic tree. Both apical and basal dendrites are densely

Recording and data analysis
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Fig. 2. Temperature effects on the responses of a layer 5 pyramidal cell to current injections. (A) Responses of a cell to negative and posi#tieps(0rént

0.2 and 0.3 nA; 100 ms) recorded at different temperatures (as indicated). (B) Current—voltage relationships plotted using the data in A. Aatews indi

distortion of current—voltage relation due to spike generation. (C) Dependence of membrane potential (left), input resistance (middle) amel tmesnbra
constant (right) on the temperature.

covered with spines. These features allow unambiguous The membrane potential and the input resistance, measured
identification of this cell as a spiny pyramidal cell. at higher temperatures (258, were significantly different
Fourteen out of 32 cells recorded for this study were layer in different cell types. The membrane potential was most
2-3 pyramids, eight were layer 5 pyramids and six were non- negative in layer 2—-3 pyramidal cells-77.4%= 0.6 mV),
pyramidal cells comprising three spiny stellates from layer 4 differing significantly P <0.01) from the membrane poten-
and three aspiny (putative inhibitory) stellates. The remaining tial of non-pyramidal cells{68.7=+ 0.9 mV) and of the layer
four cells were neither labelled nor could they be identified 5 pyramids (62.4+ 2.9 mV). The non-pyramidal cells had
unambiguously during the recording. significantly higher input resistance (28721 MQ) than the
In 18 out of 32 cells stimulation strength was adjusted to layer 3 pyramids (111 14 MQ) and the layer 5 pyramids
evoke weak synaptic responses, which remained subthreshold106 + 12 M(}). Despite the differences in the absolute values
for action potential generation over the whole range of of the membrane potential and the input resistance, the depen-
temperatures tested. In 14 cells, stronger stimuli were applied,dence of these two parameters on temperature was similar
which led to spike generation at all temperatures tested (sevenn all cell types. With lowering of the temperature, the membrane
cells) or within some range of temperatures (seven cells).  potential became depolarized, typically by 1-2.2 i@//The
gradient of the changes in membrane potential, averaged
. . across the whole sample, was1.3*=0.09 mVfC. The
Temperature dependence of basic membrane properties o5t resistance increased with cooling, in most cells by
Temperature has pronounced effects on both passive andnore than 2 M)/°C (mean—5.2=+ 0.80 MQ)/°C). The increase
active membrane properties. Lowering the temperature leadsof the input resistance was accompanied by a proportional
to depolarization of the resting membrane potential, increaseincrease of the membrane time-constant. In most of the
in the cells’ input resistance and the membrane time-constant,cells (10 out of 16), both the input resistance and the
as well as to an increase in the amplitude and broadening ofmembrane time-constant increased monotonically with cool-
spikes induced with steps of depolarizing current (Fig. 2). All ing, as in the example shown in Fig. 2. However, in some
of these changes were reversible, and there was a completeeurons (six out of 16) dependence of the both parameters
recovery upon rewarming. deviated from the linear at temperatures below0dn the
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Fig. 3. Dependence of the membrane time-constant and input resistance on temperature in a layer 2 non-pyramidal cell (A, B, D, E) and group dlata for 16 ce

(C). (A) Time-course of changes of temperature in the recording chamber, of the membrane time-constant and of the input resistance in the c&ll. Membra

time-constant and input resistance were assessed from responses of the cell to negative currer2.8taps {00 ms) recorded at different temperatures

during cooling and re-warming. (B) Scatter diagram showing dependence of the membrane time-constant on temperature, plotted using the dega in A. Val

obtained during cooling are shown as crosses; those during re-warming are shown as solid circles. (C) Group data for temperature dependeno@otthe mem

time-constant in 16 cells. For each cell, temperature and membrane time-constant values were averagé@ witbiads (small circles) and connected with

aline. (D) Scatter diagram showing dependence of the input resistance on temperature, plotted using the data in A. Values obtained duringltowhrasare

crosses; those during re-warming are shown as solid circles. (E) Correlation between the input resistance and the membrane time-constant change

Coordinates of each data point represent values of the input resistance (ordinate) and the membrane time-constant (abscissa) obtained drtsa one resp
of a cell to current step (same data as in A).

cell shown in Fig. 3, after an almost linear increase of the temperature of the recording chamber led to an increase of the
input resistance and the membrane time-constant during cool-latency of synaptic responses. In the example in Fig. 4, cool-
ing from above 38C to about 14—17C, both these parameters ing from 29 to 20C resulted in an increase of the response
decreased upon further cooling (Fig. 3A, B, D). Most prob- latency from 3.4 to 8.5 ms (Fig. 4A, interrupted and dotted
ably, this occurred because the cooling-induced depolarizationvertical lines). At temperatures above °20 the latency
of the cell brought the membrane potential closer to the thresh-increase with cooling was essentially linear with a gradient
old level for activation of voltage-dependent conductances. of —0.58 msiC (Fig. 4B—D). With further cooling, the
Even in these cases, highly significant linear correlation latency of EPSPs not only increased more rapidly, but also
between the input resistance and the membrane time-constanbecame less stable, showing considerable jitter (Fig. 4C, D).
persisted over the whole temperature range (Fig. 3E). SummaryWith cooling below 18C, the time-course of synaptic
data demonstrate that lowering the temperature leads, withresponses became very slow, and reliable estimation of the
minor exceptions, to an overall increase of the membrane latency was no longer possible.
time-constant of the cortical cells (Fig. 3C). The membrane  These changes of temporal characteristics of the synaptic
time-constant below 2@ was significantly longer than above responses were reversible. Both the latency and its jitter
25C (19.4%=0.37 ms vs 13.5:0.28 ms,P < 0.001). returned to their initial values upon re-warming (Fig. 4C,
Alterations in the basic membrane properties may influence D). This example was typical of our sample. The group data
the efficiency of synaptic transmission apart from any direct (Fig. 4E) show a clear and strong tendency of response latency
effect of cooling on synaptic transmission itself. To charac- to increase with cooling. In different cells, the gradient of the
terize the temperature dependence of synaptic transmission|atency increase was betweet®.32 and—1.33 msiC (mean
we recorded EPSPs evoked in neocortical neurons at different—0.76+ 0.07 msiC) to 20°C and this gradient became higher
temperatures. at lower temperatures (Fig. 4E).

Amplitude and shape of synaptic responsésderate cool-
ing had little effect on the amplitude of the synaptically
Latency of excitatory postsynaptic potentidlewering the evoked EPSP as shown in Fig. 5. Despite lowering the bath

Subthreshold synaptic responses
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Fig. 4. Effect of cooling on EPSP latency. (A) EPSPs evoked in a layer 5 pyramidal cell (different from the one in Fig. 2) during cooling and re-vgarming, a

indicated in B. The arrow marks the stimulus artefact. Interrupted and dotted lines show latency of responses at different temperatures. @u@elahe-

changes of temperature in recording chamber (B) and of EPSP latency (C). Arrows in B indicate the temperature values corresponding to theaesponses sh

in A. (D) Scatter diagram showing dependence of the EPSP latency on temperature; same data as in B and C. (E) Group data for 19 cells. For each cell,
temperature and corresponding EPSP latency values were averaged Withinesvals (circles) and connected with a line.

temperature from 29 to 2@, the EPSP amplitude remained returned to the initial hyperpolarized state, thus shifting the
unchanged, as becomes evident from comparison of indivi- whole response well below the spike threshold (Fig. 5A, C,
dual responses recorded at 29 antd(Fig. 5A). The initial F). During re-warming the EPSP amplitudes were lower than
parts of the time-courses of changes in bath temperature ancht the same temperatures during cooling. This hysteresis in the
response amplitude (Fig. 5B, C) also clearly demonstrate thatscatter diagram (crosses and circles in Fig. 5D) might have
the response amplitude did not decrease during cooling tobeen due to slow recovery of some intracellular metabolic
20°C. At the beginning of the initial cooling, there was even processes after the cooling, and/or to markedly different
a small but significant increase of the response from temperature gradients during cooling and re-warming used
11.6+0.05mV at 29C to 13.0+0.04 mV at 28-2% in this experiment.

(P <0.001) (Fig. 5B, C). A tendency for the PSP amplitudes  The highly significant positive correlation between EPSP
to be highest at temperatures around 2528 also evident amplitude and temperature for all the data obtained from this
in the respective part of the correlation field of these two cell between 15 and 3C (Fig. 5D,P < 0.001) shows that the
parameters (Fig. 5D, crosses at temperatures abo%€).20 overall effect was a decrease of response amplitude with
With cooling, the time-course of the EPSP became slower, lowering of the temperature. However, because of an even
thus facilitating temporal summation of afferent inputs. stronger temperature dependence of the membrane potential,
Further, because of the depolarizing shift of the resting the EPSPs at lower temperatures peaked at a more depolar-
membrane potential associated with cooling, the responseized potential, and a strong and highly significant negative
peak reached progressively higher potential values, and at acorrelation between the EPSP peak and the temperature was
temperature around 20 even reached the threshold for spike observed (Fig. 5GP < 0.001). Summary data (Fig. 5E, H)
generation (Fig. 5A, F). Lowering the bath temperature to 17— show that both these tendencies, namely, decrease of the
16°C led to a gradual decline of the EPSP amplitude, but EPSP amplitude and a higher potential reached at peak
because of the increased depolarization of the cell, occasionakresponse, were evident in most cells in our sample. A mild
action potentials were evoked even at@gFig. 5A, C, F). increase of the EPSP amplitude during the initial cooling,
Upon re-warming, the amplitude of the EPSP slowly similar to that described above, was observed in seven out
increased up to the control level, but the membrane potential of 19 cells.
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Fig. 5. Changes of the EPSP amplitude and of the membrane potential reached at the peak of the synaptic response with temperature. (A) EPSPs evoked it

layer 5 pyramidal cell (same cell as in Fig. 2) at different temperatures with paired-pulse stimulation. Superposition of three consecutes spspemgot

truncated by the AD-converter. Arrows mark the stimulus artefact. (B) Time-course of changes of temperature in recording chamber. Arrowalinelicate v

corresponding to the responses shown in A. (C, D) Time-course of changes of the response amplitude (C) and a scatter diagram showing dependence of t

amplitude on temperature (D). For this plot, the response amplitude was measured as the peak amplitude of the EPSP evoked by the second stiedulus in a pai

pulse paradigm relative to the membrane potential just before the stimulation. Oblique arrow in C points to the values corresponding to tkexatedspi

values were discarded when calculating correlation in D. (E) Group data for 19 cells. For each cell, temperature and corresponding EPSP araplitede val

averaged within & intervals (circles) and connected by a line. (F, G) Time-course of changes of membrane potential reached at response peak (F) and a scatte

diagram showing dependence of the EPSP peak on temperature (G). Since response peak was reached during the second EPSP, this measure was used fo

plot. (H) Group data for 19 cells. For each cell, temperature and membrane potential at EPSP peak were averagd@ inttrivels (circles) and connected

by a line. A-D, F, G: Data from the same cell. For calculation of correlations in D and G, and of summary data in E and H, responses with spikes were
discarded.

Action potential generation essentially the same (Fig. 6A, B). Amplitudes of responses
evoked by the second pulse in a pair (EPSP2) were always
slightly lower at 20C (Fig. 6A, B). This indicates that paired-
pulse facilitation (PPF) ratio was lower at°Dthan at 32C
over the whole range of tested stimulus intensities (see below).
However at 2€C, the resting membrane potential was
15 mV more positive than at 32 and consequently, the
stimulus—response curves for both EPSP1 and EPSP2
obtained at 2C were shifted to more positive potentials
(Fig. 6C). As a result, the spike generation threshold was
reached with a lower stimulus intensity at°@0(Fig. 6A,
120A). At a yet higher intensity (14Q.A), action potentials
Stimulus—response relationshij@ynaptic responses evoked were evoked reliably by both the first and the second EPSPs
in a layer 2/3 pyramidal cell by stimuli of different intensities, during the paired-pulse stimulation at°2) while only occa-
applied at three different temperatures, are shown in Fig. 6A. In sional spikes appeared on top of the second EPSP@t 32
that cell, changing the temperature from 32 t6Qbad little 9°C the resting membrane potential was depolarized by a
effect on the stimulus—response relationship. Dependence offurther 10 mV relative to that at 2. No clear EPSPs
the amplitude of responses evoked by the first pulse in the were evoked with stimuli of intensities below 1a@, and
paired-pulse paradigm (EPSP1) on stimulus intensity remainedthus the stimulus—response curves remained essentially flat

Since cooling-induced depolarization shift of the mem-
brane potential brings a cell closer to its firing threshold,
cooling could facilitate spike generation. Indeed, in the
above example (Fig. 5) synaptic stimulation reliably evoked
action potentials when applied at temperatures aroufi@,20
but not at higher or lower temperatures. To address the
question, whether stimulus intensity which is the threshold
for spike generation, changes with temperature, we studied
stimulus—response relationships at different temperatures.
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Fig. 6. Stimulus—response relationships in a layer 2/3 pyramidal cell at different temperatures. (A) EPSPs evoked in a layer 3 pyramidal c=it at diffe
temperatures by stimuli of increasing intensities. At each intensity and temperature, three consecutive responses are superimposeduspidesl.are tr
Arrows indicate stimulus timing. Note changes of the resting membrane potential with temperature. (B) Dependence of the amplitude of EPSP#hevoked by
first (EPSP1) and the second (EPSP2) pulse in a paired-pulse paradigm on stimulus interf€itytaar@gles), 28C (asterisks) and 32 (circles). (C)
Dependence of the membrane potential reached at response peak (spikes excluded) for EPSP1 and EPSP2. Data from the same cell.

(Fig. 6A, B). Increasing the stimulus strength to 148 led to cooling, the response amplitude decreased, and became more
the appearance of some responses, and stimulation becameariable. Since the membrane potential of the cell strongly
suprathreshold at 180A. depended on temperature and the cell became depolarized

Therefore, the threshold stimulus intensity necessary to with cooling (Fig. 7B), the response peak reached higher
evoke spikes was minimal at 20, higher at 32C and even values at lower temperatures. At 18=C4the depolarization
higher at 9C. Notably, the cell was capable of generating potential at the response peak was maximal, occasionally
spikes in response to synaptic stimulation even at tempera-exceeding spike threshold and thus leading to the generation
tures as low as°€. of action potentials (Fig. 7A, D). With further cooling, the

spikes disappeared. However, with stronger synaptic stimula-

Hyperexcitability during moderate coolind.he data on tion, the spikes could still be evoked in some of the other
temperature dependence of stimulus—response relationshipsells even at 9 or € (e.g. Fig. 6). The EPSP amplitude
indicate that moderate cooling to temperatures arouri@ 20 recovered upon re-warming, but because of the rapid recovery
leads to a decrease of the threshold stimulus intensity for of the membrane potential, the responses were again well
spike generation and thus might lead to hyperexcitability of below spike threshold (Fig. 7A). Qualitatively similar results
neocortical cells. To evaluate the temperature range at whichwere obtained for the cell recorded in a slice of the cat visual
hyperexcitability occurs, we adjusted the stimulus intensity to cortex. Synaptically evoked responses were subthreshold at
evoke strong EPSPs, that were, however, still subthreshold for34°C, but led to action potentials at temperatures of 23€21
spike generation and had an amplitude of 15-25 mV at and became subthreshold again upon further cooling (data not
around 306C. Then test stimuli of that intensity were applied shown).
repetitively while changing the temperature in the recording  Altogether, we applied this stimulation protocol in 10
chamber. In the cell illustrated in Fig. 7, the PSP responsescells, and hyperexcitability during moderate cooling was
remained subthreshold at temperatures abo¥€.28imilarly observed in seven cells, including one non-pyramidal cell
to the data described above, the EPSP amplitude remainedrom layer 4 and one layer 5 pyramid. In the remaining
unchanged or had a tendency to increase slightly when thethree cells, the responses remained subthreshold at any
temperature was lowered, from 28:®.1 mV at 30C to temperature tested. We note here that the fact that the stimu-
28.9+£0.09 mV at 26—-27C (P <0.1; Fig. 7C). With further lation with a given intensity did not lead to spike generation
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Fig. 7. Subthreshold synaptic stimulation of a rat layer 2/3 pyramidal cell becoming suprathreshold during moderate cooling. (A) Responsethevaied i

by stimuli of a constant intensity at different temperatures. Stimuli were applied as paired pulses with a 50-ms interpulse interval; arrengimdicat

artefacts. (B—D) Dependence of membrane potential (B), response amplitude (C) and response peak (D) on temperature. Note that actionspoieseisls (re
with amplitudes of about 100 mV) were generated only at temperatures around°C4-BEa from the same cell.

at any temperature does not exclude the possibility that Action potential threshold and shap&o further investi-
these cells were hyperexcitable at some temperatures, ifgate mechanisms of hyperexcitability during moderate cool-
somewhat stronger stimuli would have been applied. In fact, ing we studied temperature dependence of the spike
our stimulation protocol was designed for evaluation of the generation threshold. It was assessed from responses to strong
temperature range in which cells are hyperexcitable, but not synaptic stimulation, which was capable of inducing action
for demonstrating hyperexcitability as such, which is a very potentials over a wide temperature range. Threshold for spike
consistent phenomenon. In Fig. 8 the temperature rangesgeneration was estimated as the potential from which the
at which action potentials occurred in the seven cells in regenerative process started. In the cell shown in Fig. 9, the

response to synaptic stimulation arBown as grey bars.
Typically, hyperexcitability wasobserved at temperatures
between 18 and 2€, although in different cells it could
occur from 14 to 28C (Fig. 8). In all cases, synaptic stimula-
tion of a given amplitude was suprathreshold only within a

threshold for action potential generation was less negative
(higher) at a lower bath temperature. This is evident from
comparison of response traces at different temperatures
(Fig. 9A) and from superposition of the spikes evoked by
synaptic stimulation at different temperatures (Fig. 9B, left).

certain temperature range, but remained subthreshold at loweHowever, since cooling-induced depolarization of the cell

and higher temperatures.
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#
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2
3 e
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5 o
6 —_—— f—
7 s
5 15 25 35

Temperature ( °C)

membrane occurred with an even higher gradient than the
shift of the spike threshold, the distance from the actual rest-
ing membrane potential to the threshold decreased upon cool-
ing (Fig. 9C). For each cell, we performed multiple (17-173)
measurements of the spike threshold relative to the actual
resting membrane potential at different temperatures, and
calculated correlation between these two values. In the major-
ity of cells tested (five out of seven) strong and highly signi-
ficant positive correlation was found between the relative
threshold and temperature > 0.55, P < 0.001). In these
cells, cooling brought the membrane potential clearly closer
to the spike generation threshold (Fig. 9D). In another cell the
relative spike threshold was not correlated with temperature,
and the distance from the resting membrane potential to
spiking threshold remained unchanged. In one more cell,
the relative threshold slightly increased at lower temperatures

Fig. 8. Temperature range of hyperexcitability of cortical cells. For each of (Fig. 9D).

the seven cells, the temperature interval in which spikes were generated in Changing the bath temperature also had dramatic effects

response to synaptic stimulation is indicated as a grey bar superimposed on . . .
the whole range of temperatures tested. Stimulus intensity used was: cell 1 on the shape and the amplitude of the action potentials.

21.2uA; 2, 275pA; 3, 222uA; 4, 150pA; 5, 200pA; 6, 210pA; 7, "The most pronounced effect of Iowering the temperature
300p.A; and was kept constant throughout an experiment. was broadening of the spikes, which is clearly visible in



Synaptic transmission during coolimg vitro 17
''40 mV

12° 22° 30°
—~~ 0 - - -
Z -40- : :
1 1 T 1 .l
50 ms
40 mV
5 ms

<

£ 60; C 0.98 60 - D
V= r=0.

@ _ 7 Il
2€ n= 53 cells
c o
239
£ 30 ; . 30 |
= Q0 “.‘

05 $

X = 3

Q_.Q ]

5
= 0 . . 0 . .
! 5 20 35 5 20 35

Temperature ( °C )

Fig. 9. Effect of cooling on the threshold and shape of synaptically evoked spikes in a layer 2/3 pyramidal cell (A—C) and group data for seve/ells (D).

Responses evoked in the cell by a suprathreshold stimulus at different temperatures. Stimuli were applied as paired pulses with a 50-mstertepulse in

arrows indicate stimulus artefacts. Three responses at each temperature are superimposed. (B) Superposition of action potentials e\akedrapdiféer

tures. Spikes from A are shown at high temporal resolution. On the left, the origins of the spikes are aligned on the time-scale, and on the righe@nkoth t

membrane potential scales to facilitate comparison of their shapes. (C, D) Dependence of the difference between the threshold for spikengbmestaimpn a

membrane potential on temperature in the cell shown in A (C) and group data for seven cells (D). Each regression line was calculated on the basis of 17-17
data points, obtained for an individual cell. Regression lines are drawn for the temperature intervals in which measurements were made.

Fig. 9B where action potentials generated at different response, on the speed of refilling of the transmitter vesicle
temperatures are superimposed at high temporal resolutionpool and on the facilitatory effect of residual calcium.
Spike broadening occurred monotonically, over the whole Due to these factors, PPF ratio has a roughly inverse relation
temperature range tested. The amplitude of the actionto the transmitter release probability. This relation may be
potentials increased with moderate cooling due to a greaterpartially masked by the contribution of postsynaptic factors
overshoot. With further cooling below 20, the spike to shaping the response to the second stimulus, such as
amplitude started to decrease due to both a slightly receptor desensitization, rate of transmitter uptake, or
decreased overshoot and a depolarizing shift of the restinginvolvement of voltage-sensitive mechanisms of the cell
membrane potential and spike threshold (Fig. 9B). In membrane.
this and in the other cells tested, the amplitude of the For the cell whose responses are shown in Fig. 10A, the
action potential was maximal at temperatures around PPF ratio was lower at 1@ than at 29C (0.97 and 1.46,
20-23C. respectively). The same tendency for decrease of the PPF at
lower temperatures was also evident for other cells in which
measurements were made at least at two temperatures. There
was a significant positive correlatioR € 0.01) between PPF

To assess temperature effects on dynamic properties ofratio and temperature (Fig. 10B), and for the majority of cells
synaptic transmission we measured paired-pulse interactionthe PPF ratio decreased at lower temperature (Fig. 10C). As a
at different temperatures. Most of the factors contributing result, PPF ratio at room temperature (18223was signifi-
to paired-pulse interaction are believed to have a pre- cantly lower than at 28—38 (0.83* 0.06 vs 1.13+ 0.03,
synaptic origint#2>384256 The amplitude of response to P <0.001, Fig. 9D). Another effect of lowering the tempera-
the second pulse in a pair depends on the portion of trans-ture was an increase of the variability of PPF ratios between
mitter that remains available for release after the first cells, evident in Fig. 9B-D.

Paired-pulse interaction
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Fig. 10. Effect of temperature on paired-pulse interaction ratio. (A) Averaged EPSPs evoked by paired-pulse stimulation in a layer 5 pyratdidreall a

temperatures. (B—D) Summary data on temperature dependence of the paired-pulse interaction ratio (EPSP2/EPSP1 ratio) in 18 cells. Indatandbtalnat] at

different temperatures are shown. Any cell contributed only one point at a given temperature. In C, for each cell temperature and paired:pofseatiEsavere

averaged within & intervals (circles) and connected with a line. In D, paired-pulse interaction ratios for two temperature intervals were averaged across the cells.
Vertical scale is the same in B-D.

DISCUSSION of the potassium and sodium channels. Potassium conduc-
Our results show that basic properties of neuronal tance, both passive and active, dramatically decreases with

membranes, synaptic transmission and generation of action;:oo'c'jn%’ }1vh|IeDsod|um.con(3rL]Jctan:;e cglat\r,]vges Ilttlet(se¢ Ref. 53
potentials in cortical cells are dramatically influenced by or details). Decreasing the ratio between potassium an

temperature changes. These results have several importan?O(:.'um (f:(t)r?duc'ﬁ':mce ?)t I?]yé%;f?;pp\)sra:utrez leads to df?EOIar'
implications for bothin vitro andin vivo studies. Firstly, the Ization ot the cell membrant: solute decrease of the

quantitative description and comparison of parameters of _passive potassium conductance results in an increase of the

f ; _ 451,54
synaptic transmission at different temperatures point out the gpu;_reds_lstat?]c? ar|1_d of thelnj[_em%ratne tlm?hco_néﬁaiﬁﬁ ist
severe limitations in drawing inferences from results obtained urfinding that a finear relation between the input resistance

at room temperature regarding the behaviour of nerve cells atf?anI thet membrane tme;ccmsta;ﬂt _remamed f?r\]/er a Vg'de
physiological temperatures. Secondly, our results show how emperature range suggests that the increase of the membrane

varying the temperature by several degrees alters the excit-Ime-constant was due mainly to the increased input resis-

ability of cortical cells, as well as the timing and duration of tance, and that the membrane capacitance did not change

their responses. These changes in individual cells’ behaviourSigniﬁcamly' Cooling-induced decrease of active potassium

provide the basis for changes in the population responsesf:OnOIUCtance Igads o 2?492?&den|ng of spikes and a marked
associated with even minor alterations of brain tempera- N¢réase of their areg"**.>*Temperature dependence of

ture2133 Thirdly, our results identify cellular mechanisms Passive and active membrane properties and underlying

which modify excitability bidirectionally during gradual cool- mechanisms are discussed in detail elsewftere.

ing, leading first to hyperexcitability and only thereafter to a ] o

gradual depolarization block. An important consequence for Temperature dependence of synaptic transmission

in vitro studies is that cortical cells are hyperexcitable atroom | atency and time-course of synaptic respon€esling led
temperature. Enhanced excitability of individual cells and to a monotonic change of the temporal characteristics of the
increase of the population responses associated with moderatgynaptic responses, namely, increase of latency and its jitter

cooling?*** should also be taken into account im vivo and prolongation of the EPSP time-course. Increases of the
experiments that use cooling as a method of “inactivation” response latency and of the dispersion of time of transmitter
of specific brain regions. release are consistent with classical observations at the neuro-

muscular junctioff and with field potential recordings from
the spinal corland neocortexX . Similar effects were reported
recently for excitatory synaptic transmission in the neo-
Basic properties of the cell membrane strongly depend on cortex® and cerebellurtf and inhibitory transmission in the
the temperaturé?”4451.54 owering the temperature leads to hippocampus.Several mechanisms could be responsible for
depolarization of the cell membrane, increase of the input these changes. A general slowing down of the biochemical
resistance and the membrane time-constant and a broadeningrocesses, diffusion, and channel kinetics may lead to an
of the action potentials. The amplitude of spikes was maximal increase in both EPSP latency and duration. An increase in
at temperatures around 20-°24 The mechanism of these the membrane time-constant might also prolong duration
changes rests on the difference in the temperature dependencef synaptic responses. Finally, depolarization of the cell

Effect of temperature on basic membrane properties
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membrane, associated with lowering of the temperature, maytransmission is suppressed. However, synaptic stimulation is
enhance activation dfi-methylp-aspartatéeNMDA) receptor- still capable of inducing spikes even at temperatures as low as
mediated®3>4°% and other voltage-dependent conduc- 9°C.

tanced®?13L44which could further prolong the EPSP duration.

Response amplitud&oth increases and decreases of the

Release probability and reliability of synaptic transmis- amplitude of EPSPs were observed during cooling from
sion.Our experimental data suggest that the release probabil-physiological temperatures to 0 or to 20—-22C (our
ity can either increase or decrease upon moderate cooling.data), but further cooling always led to a reduction in the
Our finding that PPF ratio is higher at temperatures above response amplitude. Interestingly, even in those cases when
30°C than at room temperature can be interpreted as indica-response amplitude, measured from the resting membrane
tive of increased release probability at room tempera- potential to the peak, decreased with cooling, the EPSP never-
ture 1425384256Consistent with that are observations that in theless peaked at more depolarized potentials at lower
some cases the EPSP amplitude increase with moderate cooltemperatures. This occurred because during cooling the gradi-
ing'® and our own data presented here. In contrast, otherent of depolarization of the resting membrane potential was
results of Hardingham and Larkm@nare indicative of  ysually highe? than the gradient of the EPSP amplitude
decreased release probability at lower temperatures. Theydecrease. One important consequence of this relation is a
found that in the neocortex, lowering the temperature led to hyperexcitability of cortical neurons at room temperature
an increase in the failure rate and the coefficient of variation (see below).
of synaptic responses and a decrease in the frequency of The amplitude of synaptic responses is influenced by
spontaneous PSPs. However, these apparently conflictingseveral temperature-dependent factors which can act in oppo-
data are consistent with the assumption that the strength andsite directions and thus cause either an increase or a decrease
duration of short-term depression increase at lower tempera-of the response amplitude during cooling. The first factor is
tures. Short-term depression is attributed to a depletion of therelease probability, which can change in either direction
“ready to release” pool of synaptic vesicles and its incomplete during moderate cooling (see above). The second group of
replenishment during short interstimulus interv&iSlower factors include changes of transmitter spread in the synaptic
biochemical processes at lower temperatures should result incleft, alterations in the kinetics of receptor binding and in
a slower refilling of transmitter vesicle pool, and thus in an channel kinetics. These factors can also lead to an increase
increased duration of short-term depression. This, in turn, canor decrease of the response amplitude at lower tempera-
account for a stronger depression of the response to thetures. Thirdly, lowering the temperature decreases transmitter
second pulse in a paired-pulse paradigm, as we had observeduptake and increases transmitter spillofferProlonged
At the same time, with a stimulation frequency of 0.5 Hz used presence of the transmitter in the synaptic cleft may lead to
in study of Hardingham and Larkméahslower replenishment  an increase in the response amplitude. Fourthly, depolariza-
of the “ready to release” vesicle pool may lead to a low- tion of the cell membrane, associated with coolffif,15
frequency depression of synaptic transmission and thus todecreases the driving force for postsynaptic currents and
an apparent decrease in release probability. thus decreases their amplitude. However, due to the increased

Cooling changes several factors that influence the probabil-input resistance, less postsynaptic current will be required
ity of transmitter release and the reliability of synaptic trans- to produce a membrane potential shift of a given amplitude.
mission and these factors may also act in opposite directions.The increase of the input resistance will therefore counter-
Decrease in the activity of K channels associated with act the effect of decreased driving force on the EPSP
cooling may enhance release by two mechanisms. Firstly, it amplitude. Finally, the depolarization of the cell enhances
facilitates propagation of an action potential along the axon activation of NMDA receptor-mediat&#54°5° and other
and decreases the probability of propagation failures at branchyoltage-dependent conductanégg;3L4’which could amplify
points? This factor could be especially important for trans- the EPSP.
mission between neocortical neurons, which typically have  The net effect of lowering the temperature on response
connections consisting of several release sites located atamplitude will depend on a combination of these factors.
different terminals of the same ax6f.-*In the case of com-  The contributions of different postsynaptic factors seem to
pound PSPs, enhanced excitability associated with moderatepe balanced to some extent, as indicated by little change in
cooling (see below) may increase the number of presynapticthe amplitude of spontaneous PSPs with temperdfure.
fibres activated by a given stimulus, or increase reliability of However, the overall balance of pre- and postsynaptic factors
their activation. Secondly, a decrease of the activity of K may change with temperature, leading to a non-monotonic
channels leads to an increase in the width and area of aCtiOI’ldependence of the response amplitude on temperature.
potentials, and hence a greatePCaurge can be expected. A
recent study has indeed reported that moré*Gamters pre-
synaptic terminals at room temperature than 4€35Higher
levels of presynaptic calcium reached during a broader action Moderate cooling can lead to an increase in the size of
potential might enhance transmitter releds&:%6At the same evoked potentials, augmentation of the background cortical
time, the slower biochemical reactions may result in an activity and an increase of the amplitude of population spikes
increased threshold for transmitter release and thus a lowerin the hippocampu$°34These results suggest an increased
release probability at lower temperatures. excitability of the neurons. Three groups of results of the

A balance between these factors could account for both present study demonstrate that cortical cells are hyperexcit-
increases and decreases of the release probability uporable at room temperature. Firstly, cooling usually brings the
moderate cooling. With cooling below room temperatures, cells closer to the threshold for spike generation. At the same
the factors hindering the release start to prevail and synaptictime, the amplitude of excitatory postsynaptic responses is

Hyperexcitability at room temperature
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influenced relatively little by temperature changes in the the repetitive firing of cells. At room temperature, the

range from about 21 to 36. Secondly, stimuli of constant  generation of the first spike in response to an intracellular
strength, applied at different temperatures, often led to action current step is enhanced, but generation of further spikes
potential generation at temperatures between 15 at@, Pbit is suppressed as compared with higher temperatures.
remained subthreshold at both lower and higher temperaturesFurthermore, at room temperature the first spike in a train
Thirdly, direct assessment of spiking threshold from stimu- has an increased amplitude, while the remaining spikes are
lus—response relationships demonstrated that the stimulussmaller’** One further form of the short-term plasticity

intensity, necessary to evoke spikes was minimal at tempera-which is enhanced at room temperature is frequency depres-
tures around 2. sion. Because of the slower replenishment of the vesicle pool

The ionic mechanism of hyperexcitability at room tempera- after each release, depression will be more apparent at
ture rests on the strong dependence of potassium channetoom temperature than at physiological temperatures at
function on temperatur®. Decrease of potassium conduc- lower stimulus frequencies. Thus, for a given stimulation
tance during cooling increases the input resistance and alsdrequency, low-frequency depression can be salient at
leads to depolarization of the cell membrane. The absoluteroom temperature, but may play little part at physiological
value of the activation threshold of voltage-dependent sodium temperatures.
channels does not change when the membrane potential is Therefore, onlyin vitro data obtained at temperatures
clamped3* or may change only a little as a secondary effect above 30C are directly relevant for applying the knowledge
of depolarization. As a result, less excitatory input might be gained to questions of synaptic transmissiion vivo. It
sufficient to evoke spikes. Decrease of excitability, associated appears complicated to use data gathered at room temperature
with further cooling, could be accounted for by a synergistic for estimating physiological values of parameters like release
action of the following factors. Because of the further depo- probability, reliability, response amplitude, and especially
larization, the membrane potential approaches the region ofdynamic properties of synaptic transmission. Since tempera-
depolarization block for action potential generation. In addi- ture changes alter a number of different factors, which affect
tion, the rising slope of the EPSP becomes less steep. Takersynaptic transmission in opposite directions, reservations are
together, this hinders simultaneous activation of a sufficient always necessary when inferences about normal synaptic
number of voltage-gated sodium channels which is necessaryfunction are drawn from room temperature data.
for the initiation of an action potential.

One possible consequence of hyperexcitability vitro
could be amplification of the effect of tetanic stimulation at
room temperature. Together with several additional syner-  Our results have important implications fiorvivo studies
gistic factors, such as larger €ainflux due to broader  which use cooling as a method of inactivation of specific
spike$ and a more depolarized membrane potential, it brain regions. The mechanism of inactivation by cooling
could result in lowering the threshold for induction of plastic is a depolarization block, and before a complete inactiva-
changes of synaptic transmission at room temperature. Ation is achieved, the cells inevitably pass through a phase of
tetanus, ineffective at higher, more physiological tempera- hyperexcitability. This conjecture is supported by vivo
tures, could be strong enough to induce plasticity at room data on evoked potentials and unit firia$333* We note
temperature. This conjecture is compatible with experimental here that hyperexcitability only means that cells are closer
data on hippocampal plasticity. to the spike threshold, and that less excitatory drive is
required to evoke their discharges. As a result, more cells
may be brought to spiking by a given stimulus. But at the
same time, since the repetitive firing is usually gradually
suppressed even with moderate coolihef less spikes are

In vitro studies are usually performed either at 20224  expected to be generated by each single neuron during the
(room temperature) or at temperatures abovE€3Below we response. Indeed, a decrease of the number of single-unit
briefly compare properties of synaptic transmission in these spikes in responses to sensory stimulation during cooling
temperature ranges and discuss possible caveats to bear ihas been consistently obsern/gd?2°:3336:52
mind while drawing conclusions regardiifgvivo conditions The other consistent and unambiguous effect of cooling
from data obtained at room temperature. was on the temporal properties of synaptic transmission.

The experimental data and the above considerations indi-Even moderate cooling would lead to severe, if not total,
cate that changing the recording temperature from abovedestruction of the temporal structure of spike trains. This
30°C to the room temperature range may lead to bidirectional factor may allow to assess the possible role which precise
changes of the release probability and the amplitude of coherenttemporal structure of the output from localized corti-
responses evoked by single pulses applied at a sufficientlycal networks may play in brain processes.
low frequency. At the same time, this temperature change Thus, cooling of a brain region should lead to clear and
dramatically alters dynamic aspects of synaptic transmission: dramatic alteration of its output: a decrease of the total spike
response latency increases, time-course becomes slowergount and modification of the temporal pattern of spiking,
and the strength and duration of short-term depressionwhereby the initial response may be relatively strengthened
increases:1%24404These changes may be especially apparent at the expense of the later response phases.
in the responses to trains of stimuli. Increased short-term  However, an extremely complicated picture of changes is
depression will lead to redistribution of synaptic efficacy expected in acooled cortical area because of high temperature
within the train, namely, to stressing the response to the gradients measured around the cooled regjovivo’2° and
first pulse in a train at the expense of the following responses. because of differences between individual cells in the
Interestingly, this effect is further amplified by changes in dependence of the basic membrane propéftimsd synaptic

Implications forin vivo studies

Implications forin vitro studies: synaptic transmission above
30°C and at room temperature
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transmission on temperature. A complete block of spike processing within the cooled regidt?® because a compli-
generation is reached only when the temperature of the tissuecated pattern of changes in a non-uniformly cooled region
is well below 10C. Our data show that the cells are still does not allow prediction of even changes of the major
capable of generating spikes in response to synaptic stimulifactors, say of an overall balance between excitation and
at temperatures as low as 7-€C0Q andin vivo data obtained inhibition. Furthermore, since reliable inactivation of the
with a thermocouple glued to the recording microelectrode local networks can be achieved only at temperatures that
demonstrated that visually evoked responses disappearseverely affect basal synaptic transmission, cooling is hardly
usually below 16C, but in some cells were still present an adequate method for studying the input to the cooled
even at 8C.1"*3The neurons that are not cooled to that extent region?!®
could be still in a hyperexcitable state rather than “inacti-  Our results also help to identify cellular processes which
vated”. Because of the high temperature gradiét&noder- underlie changes in the amplitude of evoked field potentials,
ately cooled, and therefore hyperexcitable, tissue will accompanying minor changes of the brain temperature
surround the region under the cooling device. For example, in vivo,21334 and provide direct evidence for the mechan-
cooling the plate, positioned on the cortical surface, even isms that were suggested to account for the field potential
to the freezing point (@) may result in only a local changeg3*%74 Our data demonstrate that lowering the
silencing of the region located within about 2 mm from the temperature by a few degrees led to depolarization of the
plate, while mixed effects — silencing of some cells but cells and a corresponding increase of their excitability, to
hyperexcitability of some others might occur in the surround- an increase of the EPSP duration, and to an increase in
ing regions. When the temperature of the plate i8C10r both the amplitude and the width of action potentials in
higher, no secure inactivation is achieved even close to thethe neocortical cells. With warming, all these factors alter
plate, and only regions of mixed effects or of hyperexcitabil- in the reverse direction. A multiplicative effect of these
ity are expected. factors would explain the large magnitude of field
In general, our data and the above considerations allow uspotential changes associated with minor changes of brain
to conclude that local cooling may be an adequate inactiva- temperature.
tion technique for studying interactions between brain
regions, when recording and cooling sites are well separatedacknowledgements\e are grateful to Dr Tagrid Yousef for the help
and sufficient cooling that is required to completely silence with morphology and to Mrs Christa Schlauss for excellent technical
one region, or at least to reduce substantially its output, is assistance. This work was supported by the grants Ey 8/23 and SFB

. . s . 509 TP A5 from the Deutsche Forschungsgemeinschaft. T.R.V. was
achieved without significantly altering the temperature of supported by a travel fellowship from the SFB 509, the Australian

the region under study. On the other hand, cooling is defin- research Council and the National Health & Medical Research
itely not the best method for studying mechanisms of neural Council.
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