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A TRANSIENT INCREASE IN TEMPERATURE INDUCES PERSISTENT
POTENTIATION OF SYNAPTIC TRANSMISSION IN RAT HIPPOCAMPAL SLICES
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Abstract—Previous studies have shown that increasing the temperature of rat hippocampal brain slices from 32%to 38.5
initiates a profound, adenosine-mediated decrease in excitatory synaptic transmission in the CA1 region. Here we found that upon
lowering the temperature back to 3235 the amplitude of the field excitatory postsynaptic potential often recovers to a level that is
significantly potentiated with respect to the initial baseline. This potentiation is rapid in enet(n following return to 32.%5C)
and long lasting 60 min following the termination of the increase in temperature). Similar effects could not be induced by
superfusion with adenosine alone, and adenosine receptor antagonists did not block the potentiation. Therefore, although an
adenosine-mediated decrease in excitatory synaptic transmission occurs during the temperature increase, it is unrelated to the
potentiation. LikewiseN-methyl-np-aspartate receptor activation is not requiredNasethylh-aspartate receptor antagonists do
not influence this form of potentiation.

In summary, we propose that transiently increasing brain slice temperature represents a novel way to induce synaptic plasticity in
the hippocampus, and may provide a paradigm to elucidate additional cellular mechanisms involved in functional plasticity.
© 2000 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Many studies of synaptic plasticity have focused on the transmission in CA1 of the hippocampus, and this inhibition
hippocampus as a model system, because many of the glutawas largely the consequence of adenosine acting at presynap-
matergic pathways within this brain region exhibit long- tic A; receptors to depress transmitter release. Upon returning
lasting modifications of synaptic transmission. The first the temperature to the baseline recording temperature, the
form of synaptic plasticity to be discovered, and still the field excitatory postsynaptic potential (fEPSP) recovered
most commonly studied, is long-term potentiation (LFP). completely. However, we noted that the fEPSP recovered
For example, tetanic stimulation of the Schaffer collateral/ occasionally to an amplitude which was potentiated with
commissural pathway to the CAL region of the hippocampus respect to the initial baseline, and remained potentiated for
results in a long-lasting enhancement of synaptically evoked the duration of the recording. In the present study we focus on
responseé! In addition to stimulation-induced LTP, other producing this potentiation more reliably, and on characteriz-
types of physiological or pharmacological treatments can ing the mechanisms underlying this unusual form of potentia-
result in long-term changes in synaptic transmission in tion with respect to the adenosine-mediated inhibition that
CA1; these include cAMP-induced LF#732 and anoxic occurs during the temperature increase. The current results
LTP.2%In some cases, these types of plasticity share commonwere presented previously in abstract fo¥.

mechanisms with stimulation-induced LTP, such s

methylp-aspartate (NMDA) receptor activation and a rise EXPERIMENTAL PROCEDURES

in intracellular calcium (stimulation-induced L% anoxic Most of th thod d have been described ously indetail
79,1 imi : ol ost of the methods used have been described previously indetai
LTP 2% )- S'm”a”Y’ the late phase of stimulation '”‘.’”C.ed and are outlined briefly here. Housing and treatment of all animals
LTP,®and _CAMP-lr;duced LTP both depend upon activation \ere in accordance with protocols approved by the University of
of protein kinase A2 However, while some events necessary Colorado Animal Care and Use Committee, and were designed to
to the generation of hippocampal LTP have been well estab- minimize any animal suffering as well as the number of animals
lished?2 other aspects of the cellular mechanisms underlying used in this study.
synaptic plasticity in the hippocampus remain unknown. ) )
In a previous study we characterized the effects of changing S'ice preparation
the incubation temperature on synaptic transmission in the Transverse hippocampal slices (40@) were obtained from six- to
CALl region® Increasing the temperature from 32.5 to eight-week-old Sprague—Dawley rats using standard procedures. The
- 0 . . artificial cerebrospinal fluid (CSF) contained (in mM): NaCl 126.0,
38.5C resulted in a profound> 60%) decrease in synaptic KCI 3.0, MgSQ 1.5, CaCj 2.4, NaHPO, 1.2, NaHCQ 25.9 andp-
glucose 11.0, and was bubbled continuously with a 95&#CG;
mixture. Slices were incubated undisturbed at 32.5r 22C for
1tTo whom correspondence should be addressed. Tk303-315-7584; 90 min before electrophysiological recording.
fax: +1-303-315-4814.
E-mail addresssusan.masino@uchsc.edu (S. A. Masino).
Abbreviations:ANOVA, analysis of variance; APVpL-2-amino-5-phos-
phonovaleric acid; CSF, cerebrospinal fluid; fEPSP, field excitatory post- Al slices were submerged in oxygenated artificial CSF and continu-
synaptic potential; LTP, long-term potentiation; NMDA;methylb- ously superfused at 2 ml/min. The extracellular fEPSP was recorded
aspartate. from the CAL region of the stratum radiatum using glass micropipettes

Electrophysiological recording
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Fig. 1. Temperature-induced potentiation of evoked field excitatory post- s L
synaptic potentials. The effects of a transient increase in the chamber o 107
temperature from 32.5 to 386 (bottom; A) on fEPSP amplitude (top; _8 [
O) in the CA1 region of a hippocampal slice are illustrated. Synaptic E 5l
responses evoked from this slice at the time points denoted by letters (a, § [
b and c) are displayed in the inset. The chamber temperature was recorded [
with a small thermistor placed directly in the recording chamber along with 0 o ® ® © © b B b BB D o
the tissue slice. The amplitude of the fEPSP decreased significantly when RN I S
the temperature was increased, and recovered to a potentiated level when B 8L geEL88eLyg g

the temperature was returned to the initial recording temperature. The

potentiated response persisted for the duration of the recording. Response following temperature increase

( % control )

) ) o Fig. 2. Average temperature-induced potentiation. (A) On average, the

(10-15 M) filled with 3 M NaCl. A concentric bipolar electrode was  fEPSP amplitude was reduced to 22.5% (1= 50) of the control value
used to stimulate the Schaffer collaterals in stratum radiatum at 30 Spy the temperature increase, and recovered to18M% when the
intervals. The pulse duration was 16, and the intensity was setto  temperature was returned to baseline. The response remained potentiated
evoke fEPSP responses that were less than 50% of the maximal fEPSPsor the duration of the recording, and in most slices was followed for at least
All changes in the fEPSP amplitude were calculated with respect to the 1 h, (B) The distribution of the degree of potentiation across the population
baseline fEPSP amplitude just prior to the temperature manipulation. of slices is illustrated. Within the set of 50 slices averaged in (A), 11 slices
Data were digitized and stored in the computer for later analysis. All (220) recovered from the temperature-induced depression ¢o38% of
data are reported as the meai$.E. the control fEPSP) but did not show any potentiation. The remaining 39
slices (78% of those tested) recovered to an average of:B18% of the
control fEPSP. While the majority of slices exhibited a potentiation of
approximately 20%, 11 slices potentiated by more than 50%, and three

slices potentiated to a level more than 200% above the control fEPSP.

Temperature manipulation

The initial recording temperature was always the same as the incu-
bation temperature. After establishing a stable baseline recording (less
than a 10% change in the fEPSP amplitude over 10 min), the tempera-
ture of the superfusion medium was increased quickly (approximately

3.5°C/min; see Fig. 1) from the baseline recording temperature of 32.5
to 38.5C, or from a baseline recording temperature of 22.0 toZ8.0

In other experiments the temperature was lowered from 32.5 t6@6.5
Temperatures were controlled within @5with an in-line heater and
thermostatic controller (Warner Instruments, TC 324B, Hamden, CT).
The change in temperature was maintained for 15 min, and the

temperature was then returned to the initial recording temperature at

the same rate.

Drug application
With the exception of adenosine, all drugs were superfused for a

RESULTS

Increasing the temperature from 32.5 to 38.5esulted in
a significant decrease in the fEPSP evoked by stimulation of
the Schaffer collateral and commissural inputs to the CAl
region. On average, the fEPSP was reduced ta 2%% of
the initial amplitude, an effect that was readily reversible
upon decreasing the temperature back to the initial recording
temperature. However, as illustrated in Fig. 1, the fEPSP
amplitude often recovered to a level that was significantly
potentiated with respect to the original baseline (the average

minimum of 12 min before increasing the temperature, and superfusedresponse after 15 min of recovery was 136.0% of

continuously for the remainder of the experiment. Adenosine (60—
80 M) was superfused for 15 min to mimic the depressant effects
of endogenous adenosine released as a consequence of increas
temperature.

Data analysis
Paired and unpaired Student‘gests were employed as indicated, as

control). This potentiation was apparent immediately, and

dhe potentiated fEPSP was maintained for the duration of

the recording, in some cases over 1 h. Similar effects were
observed in a majority of the slices tested with this protocol

(39/50). The average response of all 50 slices is shown in Fig.
2, and illustrates the persistence of the potentiation with no
apparent decrement for at least 60 min following the return to

well as a one-way repeated measures ANOVA. Significant was set at 3> .

P <0.05.

Materials

All drugs and artificial CSF constituents were obtained from Sigma
(St. Louis, MO).

To determine whether the potentiation reflected a change in
synaptic transmission (as opposed to a change in presynaptic
excitability), the change in the slope of the presynaptic fiber
spike induced by the temperature increase was compared
to the corresponding change in the fEPSP. There was no
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induced potentiation. Because the decrease in fEPSP amplitude in response
to the temperature increase is largely mediated by an increase in extracel-
to mimic the inhibition observed during the temperature increase. There !Ular adenosine acting on inhibitory presynaptic adenosine recefjtass,

was no indication of any potentiation after the adenosine application, but an Plocked adenosine receptors with theophylline (THEO), a non-selective
obvious and immediate potentiation after a subsequent temperatureadenosme receptor antagonist, to determine whether adenosine receptor

increase in the same slice. In a group of slices, there was no difference inactivation is critical to the temperature-induced potentiation. This figure

the magnitude of the decrease caused by the temperature increase (reduced!oWs the effects of a transient temperature increase on the response of a
to 24+7.3% of control,n=8) vs adenosine application (reduced to control slice and a slice treated with theophylline (both slices were obtained

18+ 7.3% of controln=5; n.s.), but a significant difference in the ampli- from the same animal). Both slices exhibited significant temperature-

tude of the fEPSP following recovery (13412% vs 93+ 7.3%, respec- induced potentiation. Synaptic responses recorded from both slices at
tively: P< 0.03). time-points a, b and c are illustrated in the inset (scale d@ ms and

0.5 mV). As has been shown previousfy?*theophylline (20QuM) signifi-
L . . cantly reduced the temperature-induced decrease in the fEPSP (control:
significant change in the slope of the afferent fiber volley 89+ 2.1%,n=9; theophylline: 40 4.4%,n=6, P < 0.0001). However,

(472= 172 mV/ms during control vs 498166 mV/ms theophylline superfusion had no significant effect on the magnitude of the
following the temperature change=3, n.s., paired-test) subsequent potentiation (conotroI?r12i 2.7%, n=9; theophylline:
in a subset of slices that exhibited highly significant potentia- 21=9.0%n=6,ns.).
tion of the fEPSP (25& 65% of control,n=3, P <0.003,
pairedt-test). Both the slope of the fiber spike and the magni- To determine whether adenosine receptor activation is
tude of the fEPSP were measured 30 min after returning therequired for the temperature-induced potentiation, slices
temperature to the baseline value of 325Input—output were superfused with theophylline (200-258), a non-
curves demonstrated that there was an increase in fEPSFselective competitive adenosine receptor antagonist. Theo-
amplitude across all stimulation voltages=6, P <0.05, phylline significantly reduced the temperature-induced
one-way repeated measures ANOVA at 20%, 50%, 80% decrease in the fEPSP; in control slices, the fEPSP was
and 100% of the stimulation voltage producing the maximal reduced by 8% 2.1% (©=9), whereas in the presence of
fEPSP). theophylline, a 40 4.4% f=6) reduction was observed
The decrease in synaptic transmission observed during the(P < 0.0001, unpaired-test). However, theophylline super-
temperature increase is primarily mediated by an increase infusion did not reduce, and if anything increased the magnitude
extracellular adenosine acting on presynaptiaéceptors to of the subsequent potentiation (219.0%) relative to a paired
inhibit glutamate releas®.To determine whether adenosine group of control slices (12 2.7%; n.s.; Fig. 4).
by itself was sufficient to induce potentiation under these  Significant potentiation was induced by a transient increase
conditions, we superfused a group of slices with a concentra- of 6°C (32.5 to 38.8C; Fig. 2A), but not when slices were
tion of adenosine that produced the same magnitude of inhi- incubated at an initial temperature of°’22and raised transi-
bition as the temperature increase (60480 adenosine). In ently to 28C (fEPSP amplitude 30 min following the return
paired experiments performed on the same group of slicesto 22C was 103.4+ 1.8% of control,n=5, n.s., paired-
there was no significant difference between the magnitude test). Similarly, transiently cooling a separate set of slices
of the inhibition caused by adenosine (reduced to+18 by 6°C, from 32.5 to 26.8C, did not produce any subsequent
7.3% of controln=>5) and the temperature increase (reduced potentiation upon return to 326 (99.4* 1.9% of control,
to 24+ 7.3% of controln=8; n.s., unpairetitest). However, n=>5, n.s., paired-test). Thus, it appears that the tempera-
upon removing the adenosine or decreasing the temperatureture-induced potentiation is specific to temperature increases
there was a significant difference in the recovery of the in a range starting above 30.
fEPSP. The response was significantly potentiated after the Stimulation-induced LTP in CAl has been shown to
temperature increaser-@4 =+ 12%; n=_8), but not after the require activation of NMDA receptors. Therefore, we
adenosine application 7.0+ 7.3%; n=5, P<0.03, applied the competitive NMDA receptor antagonist-2-
unpairedt-test). Although this was demonstrated in different amino-5-phosphonovaleric acid (APV; pM) before,
slices, the lack of a persistent effect following adenosine, and during and after the temperature change to determine whether
potentiation following an increase in temperature could be activation of NMDA receptors was necessary for the induc-
demonstrated in a single slice (Fig. 3). tion of this type of potentiation. This concentration of APV is
The decrease in fEPSP amplitude induced by increasing sufficient to block completely stimulation-induced LTP in the
the temperature is largely due to extracellular adenosine CA1 region!® As we have shown previoush,antagonizing
acting at adenosine /Aeceptor$ (see also Gabriedt al.l4). NMDA receptors during the increased temperature does

Fig. 3. Adenosine superfusion does not produce potentiation. In this indi-
vidual example, a slice was superfused with adenosing.{@pfor 15 min
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Other experimental approaches have demonstrated that under
200 1 © control v APV 50.M some conditions, an LTP-like process can occur in the
i absence of synaptic stimulation, as with potentiation induced
by either pharmacological agett€? or anoxia®® Tempera-
ture-induced potentiation might share common mechanisms
with other forms of potentiation, such as an increase in intra-
cellular calcium. In this case an increase in cell calcium must
be independent of NMDA receptor activation, and may occur
via release from intracellular storésBecause of the depres-
sant effect of endogenous adenosine, it is difficult to deter-
o mine whether the potentiation occurs upon increasing the
50 60 70 80 temperature, or upon its return to the baseline temperature.
However, even in the presence of an adenosine receptor
) o antagonist, the response is inhibited at the higher temperature,
Fig. 5. The role oN-methyl-p-aspartate receptor activation in temperature- - g4 qesting that either potentiation has not occurred, or it is
induced potentiation. Blocking NMDA receptors before, during and after L . . ’
the temperature increase did not alter the temperature-induced potentiationMasked by the inhibition until the temperature is returned to
The slice shown here was superfused throughout the recording period illu- baseline.
strated with 5QuM APV. The temperature increase from 32.5 to 36.% The potentiation observed here shows striking similarity to
either the magnitude of th inhbiion seen during the temperature inorease 2L iNduced by application of cAMP: Application of a
or the magnitgde of the subsequent potentiationgin controFI)vs NMDA-trea- membr_ane-permea_\ble (_:AMP anaIOg 'nduce_s a decrease in
ted slices (inhibition: 7@ 6.7% vs 76+ 11%, respectively, n.s.; potentia- ~ Synaptic transmission, similar to that seen during the tempera-
tion: 34+ 17% vs 23+ 11%, respectively, n.sn=>5 for each group). ture increase, and probably mediated by adenosine recep-
Synaptic responses are illustrated in the inset from the time points indicated tgrg 4.10.33 Upon removal of the cAMP analog, a potentiation
(scale bars-10 ms and 1.0 mV). is observed which is immediate and long lastf8? In both
the temperature-induced potentiation and the cAMP-induced
not alter the magnitude of the inhibition seen during the potentiation, the magnitude of the potentiation does not
temperature increase (reduced by+76.7% in control slices decrease over time. This is unlike most forms of stimulation-
vs 76% 11% in APV-treatedn=>5, n.s.) but also does not induced LTP, where there is an initial decremental phase of
prevent the temperature-induced potentiation (Fig. 5). There potentiation that occurs immediately after the stimulation.
was no significant difference in the magnitude of the potentia- One possible mechanism is that the temperature change inde-
tion observed in control vs APV-treated slices (327% vs pendently increases cCAMP levels, and is thus mechanistically
23 = 11%, respectivelyn=>5 for each group; n.s., unpaired similar to cAMP-induced LTP. In support of this, increased
t-test). temperature has been shown to increase cAMP levels in other
cell types?®
The sustained increases in the fEPSP response observed in
these experiments were not paralleled by changes in the pre-
These experiments demonstrate an immediate, robust andsynaptic fiber spike, confirming a synaptic locus for this
persistent potentiation of synaptic transmission in CA1 after a phenomenon. Furthermore, the increases in fEPSP responses
transient temperature increase. Raising the recordingoccurred throughout the response range, suggesting that these
temperature from 32.5 to 386 initiates a large adenosine- changes were not restricted to either threshold or maximal
mediated decrease in synaptic transmission, as has beemesponses. Although previous studies have shown persistent
reported previously® However, upon lowering the tempera-  postsynaptic hyperexcitability after either adenosine applica-
ture back to 32.5C, the fEPSP recovers to an amplitude thatis tion or hypoxia!! this was not accompanied by changes in
potentiated with respect to the initial baseline. This tempera- either the presynaptic fiber spike or fEPSP, and thus may
ture protocol represents a novel stimulus for the induction of reflect a different underlying mechanism.
synaptic plasticity in the hippocampal slice. Although previous studies in golden hamateand rat®
Although the adenosine released during the temperaturehave demonstrated that temperature increases of the same
increase produces a near-maximal inhibition of synaptic magnitude used in the present study induce decreases in
transmission, a similar inhibition of synaptic transmission Synaptic transmission that have been linked to direct release
produced by bath superfusion with adenosine is not sufficient of adenosine through the nucleoside transporter, subsequent
to induce significant subsequent potentiation of the fEPSP potentiation of the fEPSP was not specifically noted.
response. In addition, the activation of adenosine receptorsHowever, in these previous studies, the rate of the tempera-
is not necessary for the expression of the temperature-inducedure increase and decrease was considerably slower (approxi-
potentiation, because the receptor antagonist theophylline hadmately £C/min® compared to 3%/min), and the magnitude
no effect on the potentiation. Finally, although activation of of the fEPSP decrease was somewhat smaller, albeit not
NMDA receptors is an essential initial step in several types of significantly, than that observed here (61% inhibiffoms
synaptic plasticity, it does not appear to play any role in 71% in the current experiments). While potentiation was
temperature-induced potentiation, because the magnitude ofobserved occasionally in the previous study, it occurred in
the temperature-induced potentiation was unaffected by thea small minority of slices. Thus, it appears likely that the
presence of a competitive NMDA receptor antagonist. rate of the temperature change may be an important variable
Most experimental paradigms that induce LTP in hippo- in producing the potentiation. However, a temperature-
campal slices use specific patterns of synaptic stimulation, induced potentiation of the population spike has been
such as tetaniétheta burst®?*or primed burs® stimulation. previously reported to occur with a much slower temperature
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change (0.3/min),? and was observed only in slices from Nevertheless, an interaction between adenosine and this
young, but not aged rats. The present experiments only evalu-form of plasticity appears weak at best.

ated young adult hippocampal slices, and the ability of the

present paradigm to pduce potentiation in aged animals CONCLUSIONS

has not been explored. Furthermore, the physiological rele-

vance of this temperature-induced potentiation remains to be

A transient temperature increase produces two apparently

determined. unrelated effects. These include an adenosine-mediated

Previous studies have shown that adenosine can modulateynaptic depression, which is observed during the period

plasticity in bothin vivo andin vitro models of learning. ~ When the temperature is increased, and a non-adenosine-
Acute application of adenosine inhibits several forms of mediated potentiation of glutamaterglc_ transmission that is
long-lasting plasticity, including LTE? (but see Ref. 25)  apparent as soon as the temperature is returned to baseline.

and long-term depression (LTBj.In the current study, the

This potentiation is persistent, and does not depend on activa-

adenosine released during the temperature increase clearljion of NMDA receptors for its initiation. A temperature

did not prevent expression of the potentiation, nor did direct 'Ncrease may mobilize directly some cellular constituents
application of adenosine alone induce potentiation. In the that participate in the induction, the expression or the mainten-

small number of slices where adenosine receptors were@NC€ Of persistent alterations in synaptic strength, and thus
blocked, the subsequent potentiation was slightly enhanced,Provide a valuable experimental paradigm for their elucidation.
albeit not significantly. However, the trend in this direction is

consistent with previous reports indic_ating _that adenosine acknowledgementsSupported by NIH NS 29173 and the Department
receptor blockade can enhance the induction of E¥#.  of Veterans Affairs Medical Center.
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