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As with other tissues, exposing the mammalian CNS to nonle-
thal heat stress (i.e., thermal preconditioning) increases levels
of heat-shock proteins (Hsps) such as Hsp70 and enhances the
viability of neurons under subsequent stress. Using a medullary
slice preparation from a neonatal mouse, including the site of
the neural network that generates respiratory rhythm (the pre-
Bötzinger complex), we show that thermal preconditioning has
an additional fundamental effect, protection of synaptic func-
tion. Relative to 30°C baseline, initial thermal stress (40°C)
greatly increased the frequency of synaptic currents recorded
without pharmacological manipulation by �17-fold ( p � 0.01)
and of miniature postsynaptic currents (mPSCs) elicited by
GABA (20-fold) glutamate (10-fold), and glycine (36-fold). Ther-

mal preconditioning (15 min at 40°C) eliminated the increase in
frequency of overall synaptic transmission during acute thermal
stress and greatly attenuated the frequency increases of
GABAergic, glutamatergic, and glycinergic mPSCs (for each,
p � 0.05). Moreover, without thermal preconditioning, incuba-
tion of slices in solution containing inducible Hsp70 (Hsp72)
mimicked the effect of thermal preconditioning on the stress-
induced release of neurotransmitter. That preconditioning and
exogenous Hsp72 can affect and preserve normal physiological
function has important therapeutic implications.
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The discovery that preconditioning with mild stress protects neu-
ral tissue from severe stresses such as hyperthermia or hypoxia
has yielded new ideas on how to mitigate brain damage by
ischemia and stroke (Snider et al., 1998; Perrault and Menasche,
1999; Zhang et al., 2000). Among other mechanisms, precondi-
tioning involves stress or heat-shock proteins (Hsps), including
molecular chaperones that minimize aggregation of and/or pro-
mote the productive refolding of stress-damaged proteins (Bell-
mann et al., 1996; Sato et al., 1996; Kiang and Tsokos, 1998;
Yenari et al., 1998; Feder and Hofmann, 1999; Yang and Lin,
1999; Ohtsuka and Suzuki, 2000; Rajdev et al., 2000). In the
mammalian CNS, as in numerous other tissues and organisms,
preconditioning can elicit expression of a primarily inducible
member of the DnaK-70 kDa Hsp family (Hsp72 in mouse) that
facilitates cell survival during subsequent stress (Amin et al.,
1996; Kiang and Tsokos, 1998; Yenari et al., 1999; Ohtsuka and
Suzuki, 2000).

Although preconditioning and Hsp72 clearly enhance the ca-
pacity of neurons to survive stress, the fundamental issue of
whether either can protect or modulate communication between
stressed neurons is unresolved. In the mammalian CNS, consti-
tutively expressed molecular chaperones, including Hsp70s, asso-
ciate with proteins at presynaptic and postsynaptic sites and may
be important for normal synaptic function (DeLuca-Flaherty et

al., 1990; Stantchev, 1994; Jiang et al., 2000; Ohtsuka and Suzuki,
2000; Newmyer and Schmid, 2001). Furthermore, preconditioning
Drosophila larvae with brief exposure to 37°C induces Hsp70
expression and preserves synaptic transmission during subse-
quent exposure to high temperature (Karunanithi et al., 1999).
Thus, we first examined whether thermal preconditioning affected
synaptic transmission between thermally stressed neurons in a
mouse brainstem slice preparation. Although, our emphasis is on
examining the effects on synaptic transmission in general, we
chose this preparation because it includes the pre-Bötzinger
complex (PBC), the location of the neural network controlling
normal breathing rhythm, gasping, and sighs (Ramirez et al.,
1998; Lieske et al., 2000) (Fig. 1a). Mechanisms that protect
against stress-induced changes in synaptic transmission within
this preparation may have implications for autonomic CNS func-
tion. To determine how these changes relate specifically to respi-
ratory function in particular (e.g., resting membrane potential,
ionic currents, bursting properties, and synaptic currents), future
studies will investigate the effects on functionally identified respi-
ratory neurons.
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Neurons and other cells can take up Hsc70 (i.e., a constitutively
expressed Hsp70 family member) and Hsp72 from the external
medium, and supplying exogenous Hsps to these cells increases
their survival of stress (Guzhova et al., 1998; Yu et al., 2001).
Thus, we also determined whether incubating our slice prepara-
tion in a solution containing recombinant Hsp72 could modulate
synaptic transmission during thermal stress. Our data demon-
strate for the first time that both thermal preconditioning and
incubation in an Hsp72 solution protect synaptic transmission
during thermal stress. These findings open a new avenue of
research on how stress and stress proteins affect neuronal
function.

MATERIALS AND METHODS
General methods. Functionally intact transverse slices of mouse brainstem
(medulla) were obtained from 2- to 8-d-old male and female CD-1 mice
that were deeply anesthetized with ether and decapitated at the C3/C4
spinal level (Fig. 1a) (Ramirez et al., 1996). The brainstem was isolated
in ice-cold carbogen-equilibrated (95% O2 and 5% CO2) artificial CSF
(aCSF) (in mM: 118 NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2*6 H2O, 25
NaHCO3, 1 NaH2PO4, and 30 D-glucose, pH 7.4) and mounted in a
vibrating microtome; approximately 250 �m slices were removed from
the rostral end until the PBC was revealed. At this level, a 500-�M-thick
slice was removed and equilibrated at 30°C in circulating carbogen-
equilibrated aCSF for 30 min before subsequent treatment.

Recordings. Using conventional whole-cell patch clamp, synaptic cur-
rents were recorded from random neurons in the region containing the
PBC (i.e., in portions of the slice ventral to the level of the nucleus
ambiguous, medial to the spinal trigeminal nucleus, and lateral to the
hypoglossal nerve tract) (Fig. 1a). This region is capable of generating
spontaneously respiratory activity in the presence of 8 mM potassium.
However, in the present study, we used the more physiological concen-
tration of 3 mM. Under these conditions rhythmic activity ceases, thereby
preventing us from identifying whether a neuron is respiratory. Unpol-
ished electrodes were fabricated from thick-walled borosilicate glass (GC
150-10; Warner Instruments, Hamden, CT) and filled with (in mM): 140
KCl [or potassium gluconate when recording glutamatergic miniature
postsynaptic currents (mPSCs)], 1 CaCl2, 2 MgCl2, 4 Na2ATP, 10
EGTA, and 10 HEPES, pH 7.2. An on-cell patch configuration was
established under visual control using infra-red Normarski optics (40�).
A whole-cell configuration was established by applying repetitive pulses

of negative pressure until the cell membrane within the tip of the
electrode ruptured. Transmembrane currents were recorded using an
Axopatch 1-D amplifier (Axon Instruments, Union City, CA) and re-
corded on the hard disk of a personal computer using pClamp 8 software
and a Digidata 1200B data acquisition board (Axon Instruments). Before
recording any data from a cell, transient currents attributable to elec-
trode and cell resistance and capacitance were nullified as much as
possible and serial resistance was 80% compensated.

Frequencies of combined spontaneous and action potential-evoked
synaptic events were determined from three 1 min recordings at each
temperature (below). To record mPSCs, action potential production was
blocked with 1 �M tetrodotoxin (TTX). Additional pharmacological
manipulations isolated transmission via GABA [DNQX (20 �M) and
strychnine hydrochloride (1 �M)], glutamate [strychnine (1 �M) and
bicuculline (20 �M)], and glycine [DNQX (20 �M) and bicuculline (20
�M)]. Beginning 5–10 min after drug addition, mPSCs were recorded for
2 min each at each temperature (below).

Preconditioning, incubation treatments, and thermal stress. To test the
effect of thermal preconditioning on synaptic function during thermal
stress, slices were either (1) kept at 30°C for 1–2 hr after initial equili-
bration (controls) or (2) heated to 40°C at �1°C/min, kept at this
temperature for 15 min, and then allowed to recover for 1 or 2 hr at 30°C.
Neurons were patch-clamped 5–10 min before the end of recovery from
thermal preconditioning or before the end of the sham incubation so that
experimentation could be completed within 15 min after the end of
recovery.

When testing the effect of treatment with exogenous Hsp72, medullary
slices were incubated for 2 hr in aCSF, aCSF containing 10 �g/ml BSA
(69 kDa molecular mass), or aCSF containing 10 �g/ml recombinant
Hsp72 (SPP-755; StressGen, San Diego, CA). Within 1 hr after incuba-
tion, the effect of thermal stress on glutamatergic or glycinergic mPSCs
was assessed in normal aCSF as stated below. If recordings were not
completed within 1 hr after incubation, the slice was discarded.

After recovery from the preconditioning treatment or after incubation
treatment, slices were transferred to a recording chamber perfused with
carbogen-equilibrated aCSF and synaptic currents were assessed at 30°C.
The slice was then successively heated at �1°C/min to 36 and 40°C. At
each of these temperatures, synaptic transmission was assessed as quickly
as possible (�5 min).

Immunoblots. Hearts and livers were harvested from anesthetized
mice and treated in aCSF as described for the brainstem. Intestinal cell
cultures (IEC18 cells) were sealed with Parafilm (Pichiney Plastic
Packaging, Menasha, WI), placed in a shaking water bath at 42°C for

Figure 1. Thermal stress (40°C) and pre-
conditioning affected the frequency of
combined spontaneous and action
potential-evoked neurotransmitter release.
a, Brainstem slice containing the PBC, the
hypoglossal nucleus (XII ), the inferior ol-
ive (IO), the spinal trigeminal nucleus
(SP5), the nucleus ambiguous (NA), and
the vagus motor nucleus (X) (Ramirez et
al., 1996, 1998; Lieske et al., 2000). b,
Thermal preconditioning 1 hr before ther-
mal stress (�, n � 6) mitigated the fre-
quency increase observed during thermal
stress in naive neurons (�, n � 4; p �
0.05). Each point represents the mean fre-
quency of postsynaptic events occurring
during sequential 1 min recordings. c, An
example of a whole-cell recording of the
effects of thermal stress on frequency of
synaptic activity in a neuron from a naive
slice (lef t) and a preconditioned slice
(right). Calibration: 200 pA, 200 msec.
Vh � �60 mV.
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23 min, and then allowed to recover for 2 hr at 37°C in a 5% CO2
incubator (Burress et al., 1997). After thermal treatment, brainstem
slices and tissue samples were frozen in liquid nitrogen and stored at
�80°C. Proteins were extracted by homogenizing samples in ice-cold
PBS containing 2% w/v complete protease inhibitor (Boehringer
Mannheim, Indianapolis, IN) and 50 U/ml DNase (Sigma, St. Louis,
MO). Protein content was determined with a BCA assay (Pierce,
Rockford, IL). Proteins were separated by electrophoresis of 10 �g of
total protein / lane of a 10% Tris-HCl SDS-polyacrylamide gel and
were electroblotted onto a polyvinylidene difluoride membrane (Bur-
ress et al., 1997). After blocking with PBS containing 10% nonfat
powdered milk, the membrane was washed successively in solutions
containing primary antibody specific for inducible Hsp72 (SPA-810,
diluted 1:1000; StressGen) or Hsc70 (SPA-815, diluted 1:2000; Stress-
Gen) as well as peroxidase-conjugated secondary antibody [goat anti-
mouse IgG (115-036-062, diluted 1:10,000; Jackson ImmunoResearch,
West Grove, PA) when detecting anti-Hsp72 primary or goat anti-rat
IgG (112-035-003, diluted 1:10,000; Jackson ImmunoResearch, ) when
detecting anti-Hsc70 primary]. Bound antigen was detected by chemi-
luminescence with the SuperSignal chemiluminescent substrate kit
according to the manufacturer’s instructions (34080; Pierce) and was
recorded on x-ray film (Fuji, Tokyo, Japan).

Data anal ysis and statistical methods. We obtained a continuous 2
min recording for each neuron at each temperature step. From these
recordings we measured the frequencies, amplitudes, and decay times
of all postsynaptic events using MiniAnalysis 5.0 (SynaptoSoft Inc.,
Decatur, GA). Peak current amplitude was assessed as the difference
between the amplitude of an event and the mean baseline current for
the 4000 �sec preceding the event. Decay time was assessed as the time
at which mPSC amplitude decayed to 68% of the peak value. For a
given recording, the values of each variable were averaged. Average
values obtained from separate slices were then pooled and used to
assess treatment effects. Pooled data were tested for normality with the
Kolmogorov–Smirnov test using a software program (Sigma Stat;
SPSS, Inc., Chicago, IL) and were then tested by ANOVA if distrib-
uted normally or by the Kruskal–Wallace test if non-normal. When
merited, post hoc tests were used to compare individual treatment
groups. Differences among treatments were considered significant at
p � 0.05.

RESULTS
Effect of thermal preconditioning and thermal stress
on overall synaptic activity
In naive slices (i.e., without thermal preconditioning), the fre-
quency of synaptic currents recorded without pharmacological
manipulation responded biphasically to heating from 30 to 40°C
(Fig. 1b,c). During heating from 30 to 36°C and at 36°C the
frequency of overall transmission remained relatively constant, as
shown quantitatively in Figure 1b. In contrast, during the first
minute at 40°C, the frequency increased by 17-fold ( p � 0.01).
The frequency of transmission then decreased but remained
elevated 7- to 7.5-fold above 30°C levels during the next 2 min.
Thermal preconditioning (15 min at 40°C) 1 hr before thermal
stress attenuated the heating-induced frequency increase, main-
taining rates near baseline (Fig. 1b).

Effects of thermal stress and preconditioning on
miniature postsynaptic currents
To determine whether thermal stress and preconditioning af-
fected spontaneous neurotransmitter release, action potentials
were blocked with 1 �M TTX. Additional pharmacological ma-
nipulations isolated GABAergic, glutamatergic, and glycinergic
mPSCs. In naive slices, exposure to 40°C increased the frequency
of mPSCs elicited by all three neurotransmitters by at least
10-fold (Fig. 2). Preconditioning at 40°C mitigated this increase,
resulting in mPSC frequencies as low as threefold above baseline.
This attenuation was evident by 1 hr after preconditioning for
glutamatergic and glycinergic mPSCs but was not apparent until
2 hr after preconditioning for those elicited by GABA.

We subsequently analyzed the amplitude and decay of
GABAergic, glutamatergic, and glycinergic mPSCs. Exposure to
40°C had no consistent effect on mPSC amplitude. In naive slices,
40°C thermal stress increased the amplitude of glutamatergic

Figure 2. Effect of thermal precon-
ditioning and thermal stress on the
frequency of mPSCs elicited by
GABA (a), glutamate (b), and gly-
cine ( c). Only one set of data (i.e.,
from one neuron at 30, 36, and
40°C) was taken from each slice.
The seemingly inward glycinergic
currents reflect the high chloride
concentration of the intracellular
solution used for the recordings. For
all neurotransmitters, precondition-
ing 1–2 hr before thermal stress mit-
igated the increases in mPSC fre-
quency seen during thermal stress in
naive slices (*p � 0.05; **p �
0.001). Sample sizes for a–c, respec-
tively: �, 8, 13, and 7; f, 7, 9, and 8;
Œ, 9, 8, and 8. d, Sample recordings
of glycinergic mPSCs during ther-
mal stress without and after precon-
ditioning. Calibration: 100 pA, 500
msec. Vh � �60 mV
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mPSCs by 10.5 � 2.6% ( p � 0.02) but did not affect that of
GABAergic or glycinergic mPSCs (n � 7–9 slices per treatment;
p � 0.05 for each comparison). Additionally, in naive slices,
exposure to 40°C decreased the decay times of both GABA and
glycine mPSCs [by 43 � 3.8% ( p � 0.001) and 40 � 6.5% ( p �
0.05), respectively] but not those of glutamate mPSCs ( p � 0.73).
The effects of thermal stress on both mPSC amplitude and decay
were unaffected by thermal preconditioning ( p � 0.05 for each
neurotransmitter), suggesting that thermal preconditioning pri-
marily modulates presynaptic release mechanisms.

Effect of incubation in recombinant Hsp72 before
thermal stress
Adding recombinant Hsp72 to the incubation medium mimicked
the effects of thermal preconditioning on mPSCs elicited by both
glutamate and glycine (Fig. 3). The effect of exogenous Hsp72 on
GABAergic mPSCs was not examined. For slices incubated in
aCSF only and in aCSF plus BSA, 40°C thermal stress increased
the frequency of both glutamatergic and glycinergic mPSCs (by
12-fold and 32-fold, respectively, for aCSF). Although exposure
to 40°C also increased the frequencies of glutamatergic and gly-
cinergic mPSCs in slices incubated in Hsp72 solution (by 3.7-fold
and 15-fold, respectively), these increases were substantially less
than for slices incubated in aCSF only or in BSA solution. For all
treatments (aCSF, BSA, and Hsp72), thermal stress did not affect
the amplitude of either glutamatergic or glycinergic mPSCs ( p �

0.05) but decreased their decay times by 15–30% for glutamate
( p � 0.05 for each) and 30–50% for glycine ( p � 0.02). For both
neurotransmitters, the effects of thermal stress on the amplitude
and decay times of mPSCs from slices incubated in Hsp72 solu-
tion were indistinguishable from those of cells in control slices
( p � 0.05). Thus, as with thermal preconditioning, these data
indicate that incubation in Hsp72 modulated the effects of ther-
mal stress on presynaptic release mechanisms without substan-
tially affecting the postsynaptic response to neurotransmitter.

Characterization of the heat-shock response of the
medullary slice
We used immunoblots to determine whether increases in Hsp72
and Hsc70 levels are part of the normal response of cells in the
medullary slice to thermal stress. Slices used for this study were
not used for electrophysiology. Using the immunoblotting tech-
nique, we were able to detect as little as 1 ng of Hsp72 (Fig. 4d).
Neither Hsp72 nor Hsc70 levels changed during the precondition-
ing regimen of the present study (Fig. 4a,c). However, more
prolonged or severe heat shock and/or prolonged recovery in-
creased Hsp72 levels in medullary slices (Fig. 4b).

DISCUSSION
Most previous work on protection against the deleterious impact
of stresses (including hypoxia, ischemia, and hyperthermia) em-
phasized their consequences in terms of cell survival. We show
that these consequences also extend to synaptic function, which
may have a much lower threshold for damage than cell viability.
Moreover, thermal preconditioning protects synaptic function
just as it does cell viability. Additionally, we demonstrate that
incubation of the medullary slice preparation in a solution con-
taining recombinant Hsp72 protects synaptic function in much
the same manner as thermal preconditioning.

For each neurotransmitter examined, thermal preconditioning
mitigated the increase in mPSC frequency elicited by initial ex-
posure to acute thermal stress. These data suggest both that
thermal stress affects mechanisms controlling neurotransmitter
release at the presynaptic terminal and, more importantly, that
thermal preconditioning modulates these mechanisms. These
data are consistent with findings for the neuromuscular junction
of Drosophila melanogasater (Karunanithi et al., 1999) and, to our
knowledge, are the first to demonstrate that thermal precondi-
tioning modulates synaptic transmission in the mammalian CNS.

Using immunoblotting that detected as little as 1 ng of Hsp72,
we found that thermal preconditioning occurred without inducing
detectable endogenous Hsp72. These data are in contrast to those
from Drosophila (Karunanithi et al., 1999) and suggest one or
more Hsp72-independent mechanisms, potentially involving
other Hsps or non-Hsp-related processes (Kiang and Tsokos,
1998; Feder and Hofmann, 1999; Ohtsuka and Suzuki, 2000).
Indeed, thermal stress induces expression of Hsp27 and Hsp32 at
synaptic sites in the cerebellum (Bechtold and Brown, 2000). An
open question is whether different preconditioning regimens,
which cause physiological changes in Hsp72 levels, would cause
attenuation of stress-induced increases in mPSC frequency simi-
lar to those observed after incubation in recombinant Hsp72 or
thermal preconditioning. Such a finding would be consistent with
numerous demonstrations that Hsp72 enhances cell survival
throughout the CNS during diverse stress regimens (Amin et al.,
1996; Sato et al., 1996; Yang and Lin, 1999; Ohtsuka and Suzuki,
2000; Rajdev et al., 2000).

As with thermal preconditioning, incubation of medullary

Figure 3. Effects of 2 hr of incubation in aCSF, 10 �g/ml BSA in aCSF,
or 10 �g/ml recombinant Hsp72 (SPP-755; StressGen) in aCSF on the
frequency of glutamatergic and glycinergic mPSCs during 40°C thermal
stress. Only one set of data (i.e., 2 min recordings of synaptic activity at 30,
36, and 40°C) was taken from each slice. Relative to slices incubated in
aCSF or BSA solution, incubation in Hsp72 solution significantly atten-
uated the increase in glutamatergic (a) and glycinergic (b, c) mPSC
frequency during thermal stress. Sample sizes in a: f, 6; �, 6; Œ, 6.
Sample sizes in b: f, 8; �, 9; Œ, 7. *p � 0.05; **p � 0.01. Calibration: 100
pA, 200 msec. Vh � �60 mV
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slices in a solution of recombinant Hsp72 attenuated increases in
mPSC frequency during thermal stress. This effect could have
occurred through numerous actions of exogenous Hsp72. Because
this protein is taken up by neurons (Yu et al., 2001), it can directly
interact with various intracellular proteins including cysteine
string protein, a synaptic vesicle protein that interacts with Hsp70
family members and participates in the regulation of transmitter
release (Jiang et al., 2000; Ohtsuka and Suzuki, 2000). Alterna-
tively, Hsp72 could affect neuronal function by activating various
cellular signaling pathways (Buzzard et al., 1998; Gabai et al.,
2000).

Thermal stresses more severe and/or prolonged than the one
we used to precondition slices induced substantial Hsp72, leading
to two conclusions. First, increases in the level of Hsp72 are part
of the normal cellular response to severe thermal stress in the
medulla. Second, the low level of endogenous Hsp72 in our
medullary slice preparation establishes that exogenous Hsp72
(Fig. 3) is sufficient for the mitigation of hyperthermic stress. Our
experiments were performed in neonatal tissue, and it will be
interesting to investigate whether similar or different adaptive

mechanisms also occur in adult tissue and whether thermal tol-
erance undergoes a developmental change.

By attenuating massive increases in neurotransmitter release,
both preconditioning and application of recombinant Hsp72
could protect against a major mechanism of stress-induced neu-
ronal injury (Obrenovitch et al., 2000; Sattler and Tymianski,
2000). Application of exogenous Hsp72, which we show mimics
the effect of thermal preconditioning, may elucidate the role of
this protein and its cognate in synaptic transmission as well as in
preservation of neuronal and synaptic function. Clinically, the
capacity to manipulate and preserve normal physiological func-
tion via exogenous application of stress proteins suggests that
such application could also be an important therapeutic tool.
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