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The radioprotectant. dithiothreitol (DTT) has been shown to increase excitability in the hippocampal slice preparation. In the pres-
ent study. intracellular recording techniques were used to further examine the actions of DTT. Electrophysiological recordings from
CA, pyramidal cells were obtained prior to. during and after DTT exposure. DTT caused a small depolarization without altering mem-
brane resistance DTT induced spontancous firing and vccasional burst firing in normally siient neurons. These effects were accompa-
nied by a reduction in spike frequency adaptation but no change in the afterhyperpolarization following a train of action potentials.
Following DTT exposure. orthodromic stimulation produced multiple firing. Subthreshold excitatory postsynaptic potentials (EPSPs)
were significantly prolonged. Isolating the CA | subfield. attenuated the prolongation of the EPSP by DTT. Recurrent inhibitory post-
synaptic potentials were unaffected by DTT. The actions of DTT are likely to resuit from DTT-induced reduction of disulfide bonds
since the reduced form of DTT does not cause a similar hvperexcitability.

INTRODUCTION

The hippocampus is vulnerable to radiation dam-
age. Following exposure to X-radiation, spiking ac-
tivity appears in electroencephalographic recordings
from this area of the brain'>'>*. Single unit record-
ings in vivo show that neuronal firing patterns in the
hippocampus are disrupted by radiation®. In vitro
studies indicate that y-radiation can impair both syn-
aptic and extrasynaptic mechanisms in the hippocam-
pus®'.

Dithiothreitol (DTT). a disulfide reducing agent®.
has been used as a radioprotectant in cellular and en-
zyme systems'7'**3 [t is thought to act both by
scavenging free radicals'*"'-** and by donating hy-
drogen to damaged macromolecules'®. Many studics
have demonstrated that DTT affects neurotransmit-
ter systems including acetylcholine®'®*!=%% dopa-
mine'’. opiates”’. norepinephrine®*** and his-
tamine'™"'. All these transmitters are effective

agents in the hippocampal slice (for review see ref.
6). A previous study showed that DTT increases hip-
pocampal excitability, causing spontaneous and
evoked burst firing™. Both synaptic and extrasynap-
tic mechanisms were implicated. The present study
uses intracelfular recording techniques to examine
the mechanism(s) whereby DTT increases neuronal
excitability. Preliminary results have been presented
elsewhere™.

MATERIALS AND METHODS

Hippocampal slices (400-450 gm thick) were pre-
pared from euthanized male Hartley guinea pigs as
previously described™*. Slices were incubated at
room temperature in oxvgenated solution (sce be-
low) for at least 2 h to allow recovery from the dissec-
tion. One slice was then placed in a submerged slice
chamber (Zbicz design)™. The tissue was continu-
ously superfused (0.8-1.00 ml/min) with a solution

* Present address: Drug Enforcement Administration. Office of Diversion Control, Washington. D.C. 20537 U.S A,
Correspondence: T. Pellmar. Physiology Department. Armed Forces Radiobiology Rescarch Institute., Bethesda, MD J0R14-5145,

US.A.
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containing (in mM): NaCl 124, KC1 3.0, CaCl, 2.4,
MgSQ; 1.3, KH,PO, 1.24, NaHCO; 26.0 and glu-
cose 10.0. oxygenated with 95% O./5% CO, and
maintained at 30° + 1 °C.

DTT, obtained trom Calbiochem (Lot numbers
233153 and 410163), was dissolved in the bathing so-
lution immediately prior to use to give a final concen-
tration of 0.5 mM. After obtaining control data, the
slices were superfused with the DTT solution for 25
min. This dose and exposure time were chosen be-
cause they consistently increased excitability in the
field potential recordings. Subsequent to DTT expo-
sure. slices were superfused with normal solution for
the remainder of the experiment. Data were col-
lected for a minimum of 60 min after the initial expo-
sure to DTT.

Concentric, bipolar stainless steel electrodes were
used to provide constant-current stimuli (up to 0.5
mA. 200 us duration, 0.2 Hz) to hippocampal path-
ways. Cells in the CA| region of hippocampus were
orthodromically activated by stimulation of afferent
fibers in the stratum radiatum. Antidromic potentials
were elicited by stimulation of the alveus.

Intracellular recordings from CA,| pyramidal cells
were obtained through electrodes tilled with either 2
M KCI (20-40 MQ) or 4 M potassium acetate
(70-100 MQ). A conventional bridge circuit (Dagan
8100) allowed potential recording and intracellular
current injection via the same electrode. The bridge
was balanced frequently by passing pulses of current
and monitoring the potential on the oscilloscope.
Data were recorded on a Gould chart recorder and a
Tektronix oscilloscope. and were digitized and
stored on an LSI 11-03 minicomputer. In all experi-
ments. somatic field potentials were monitored con-
currently using electrodes (1-10 MQ) filled with 2 M
NaCl. Field potentials were amplified using a high-
gain differential preamplifier. They were either pho-
tographed directly off the oscilloscope or digitized.
and stored on an LSI 11-03 minicomputer.

The effects of DTT on the following electrophysio-
logical parameters were examined: membrane po-
tential, input resistance, spike frequency adaptation,
afterhyperpolarization (AHP), excitatory postsyn-
aptic potentials (EPSPs) and inhibitory postsynaptic
potentials (IPSPs). Membrane resistance was calcu-
lated from the membrane potential change produced
by injections of 0.25 or 0.50 nA hyperpolarizing cur-

rent. To study spike frequency adaptation, supra-
threshold depolarizing current pulses of 700 ms dura-
tion were applied via the recording electrode at 0.05-
0.1 Hz. An AHP was elicited every 10-20 s by inject-
ing a train of 4 suprathreshold depolarizing current
pulses (8 ms duration, 80 Hz). EPSPs were evoked by
stimulation (10-75 uA) of the stratum radiatum and
recurrent [PSPs by stimulation (25-100 4 A) of the ai-
veus. In several experiments the CA, region was iso-
lated; CA, and CA, were removed by cutting the
slice with a scalpel blade. No attempt was made to
verify histologically that all of the CA, and CA; re-
gion was removed in these experiments. The slice
was allowed to recover from the isolation procedure
for at least 45 min before attempting to impale CA|
neurons.

RESULTS

As previously reported®. field potential record-
ings in field CA, of hippocampus revealed an in-
crease in excitability following exposure to 0.5 mM
DTT for 25 min. Twenty to 40 min after initial expo-
sure to DTT. the baseline "noise” level increased in
the extracellular recordings from stratum radiatum.
This was followed by an increase in the amplitude of
the orthodromic population spike and the emergence
of multiple (3-7) peaks in the orthodromic field po-
tential (Fig. 1A). This effect was sustained for the du-
ration (1-2 h) of the experiment.

The increased excitability produced by DTT was
further examined in CA, pyramidal cells with intra-
cellular recording techniques. Prior to drug expo-
sure, CA, pyramidal cells were generally silent:
spontaneous action potentials were rare. Twenty to
40 min following initial exposure to 0.5 mM DTT.
spontaneous activity was always evident (Fig. 1B).
This effect coincided with the appearance of ‘noise’
in the extracellular recording. In approximately 60%
of the cells. spontaneous doublets and burst firing oc-
curred in an irregular pattern. Similar spontaneous
bursting activity was observed in field potential
recordings™.

The intracellular changes were accompanied by a
small. but statistically significant depolarization of
the membrane potential. The mean (+ S.E.M.) rest-
ing potential of all 25 cells before exposure to DTT
was -64.6 + 0.8 mV. Sixty minutes after initial expe-
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Fig. 1. DTT altered the arthodromic activity in CA, of the hippocampal slice. A: orthodromic ficld potentials in responsc to stimula-
tion of the stratum radiatum prior to and 60 min after beginning cxposure to DTT (0.5 mM). DTT increased the amplitude of the initiud
population spike and caused multipic spiking. B: DTT induced spontaneous action potential firing. increased synaptic input and
caused some membrane depolarization. At the arrows, stratum radiatum was stimulated. Action potentials were truncated by the
chart recorder. C: orthodromic action potentials recorded from CA, pyramidal cell. Straight line indicates 2ero potential. The onset of
multiple spiking in the orthodromic ficld potential coincided with the appearance of multiple firing recorded intracellularly.

sure to DTT the membrane potential was depola-
rized to —61.6 £ 0.7 mV (Student’s t-test for paired
samples. n = 25. P < 0.05). DTT did not significantly
alter the input resistance of CA, pyrantidal cells. The
input resistance in control was 41 .7 £ 4.7MQ and fol-
lowing exposure to DTT was 44.0 £ 5.0 MQ (n = 12,
P> 0.05).

Increased excitability of CA, pyramidal cells was
evident when they were stimulated orthodromically.
In control. the stimulus applied to the stratum radia-
tum was adjusted to elicit an EPSP with a single ac-
tion potential (Fig. 1C. Control). After exposure to
DTT. the samie orthodromic stimulus evoked muliti-
ple (3-7) action potentials (Fig. 1C). The onset of
multiple firing of pyramidal cells in response to or-
thodromic stimulation coincided with the appearance
of multiple spiking in the orthodromiic field potential
(Fig. 1A. C). Even when membrrne potential was
maintained at pre-DTT levels. multiple spikes were
elicited by orthodromic stimulation. Subthreshold

EPSPs were examined in 5 cells. Comparisons of
EPSPs before and after DTT exposure were always
made at the same membrane potential. The rate of
rise and the amplitude of the early component of the
EPSP were not significantly affected by DTT (Fig.
2A). The mean amplitude in control was 6.2 = 1.5
mV while after exposure to DTT was 5.9 + 0.6 mV
(n = 5. P> 0.05). The rate of rise of the EPSP was
{.4 + 0.2 mV/ms in control and 1.5 + 0.2 mV ms at-
ter DTT exposure (1 = 5. P > 0.05). Similarly. the
extracellularly recorded population synaptic  re-
sponse showed no change in the initial slope™. DTT
did. however. consistently. prolong the EPSP (Fig.
2A). DTT increased the mean duration from 40.5 %
4410914 + 13.3ms (n = 4. P < 0.05) measured
from the initial depolarization to the time it ieturned
to the resting membrane potential. The shape of the
EPSP depended on stimulus strength. Stimulation
with very low curtents could evoke only a delayed de-
polarizing potential with no initial EPSP. As the sum-
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Fig. 2. DTT prolonged the EPSP but did not block recurrent inhibition. A: EPSPs recorded from a CA| pyramidal cell prior to and 45
min after starting superfusion with 0.5 mM DTT. DTT had little effect on the rate of rise or the amplitude of the EPSP. The EPSP was.
however, prolonged. Both traces were recorded at a membrane potential of -68 mV. B: EPSPs recorded from a pyramidal cell located
in the isolated CA| region. EPSP prior to DTT exposure (control) and 45 min after initial exposure to DTT. DTT was less effective in
prolonging the EPSP in the isolated CA| region than in the intact slice. Traces in B were recorded at a membrane potential of —63 mV'.
C: recurrent IPSPs were elicited in CA, pyramidal cell by subthreshold stimulation of the alveus. DTT (0.5 mM) did not block the car-
ly (open arrow) or late (filled arrow) phase of the IPSP. IPSP was measured with membrane potential at -60 mV.

ulus strength was increased. both the initial EPSP
and the delayed depolarizing potential became lar-
ger. With further increases in stimulus strength, the
EPSP and the later depolarizing potential merged to-
gether to form the prolonged EPSP. At sufficient
stimulus strength, the longer latency depolarizing po-
tential reached threshold, resulting in action poten-
tial firing.

Stimulation of stratum radiatum might antidromi-
cally activate CA/CA;, which could cause late syn-
aptic activation of CA | pyramidal cells, and thus pro-
long the EPSP. To examine this possibility. the ef-
fects of DTT on the EPSP were examined in slices in
which CA, was isolated by removal of CA./CA,;.
Slices were allowed to recover for at least 45 min be-
fore intracellular recording. Cells in the isolated sec-
tions did not show any signs of injury. Resting mem-

brane potential (-62.4 = 1.2 mV. n = 3) and mem-
brane resistance (44.7 £ 5.4 MQ. n = 3) were not sig-
nificantly different from control values in intact
slices. In the isolated CA| regions. DTT increased
the EPSP duration from 49.3 £ 6.6t0 69.6 + 11.8 ms
(n = 3. P < 0.05) (Fig. 2B). Two of the 3 cells tested
showed a minimal increase in duration (40-54.3 ms
and 40-51.4 ms). The EPSP of the third cell. howev-
er, was greatly prolonged (68— 103 ms). These results
contrasted with those of the intact slice where the
EPSP of all 5 cells showed a substantial increase in
duration. The variability observed in the isolated sec-
tions may be due to the degree of isolation of CA, ac-
tually achieved.

DTT might also increase excitability by decreasing
recurrent inhibition. IPSPs were elicited by sub-
threshold stimulation of the alveus Despite the ap-
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Fig. 3. DTT decreased spike frequency adaptation recorded
from CA, pyramidal cell. Spike frequency adaptation was ex-
amined by stimulating a cell with depolarizing current puises of
700 ms duration. Recordings were made prior to (Control) and
60 min after starting DTT exposure. Membrane potential re-
mained at -65 mV.

pearance of increased excitability. DTT did not re-
duce the amplitude of the early or the late phase of
the recurrent IPSP (early IPSP. control 5.4 = 0.6
mV,DTT 5.2 £ 0.5 mV; late IPSP, control 2.3 = 0.6
mV.DTT 2.1 £1.3mV.n =3, P>0.05) (Fig. 2C).
The duration of the IPSP also did not change follow-
ing exposure to DTT (controi, 319.2 = 38.6 ms:
DTT,301.8 £ 60.0 ms, n = 3, P> 0.05).

A depolarizing current pulse of 700 ms duration
produced a train of action potentials that decreased
in frequency during the step (Fig. 3). This phenome-
non, spike frequency adaptation, has been well de-
scribed in hippocampal neurons®. Spike frequency
adaptation was examined prior to and after DTT ex-
posure in 4 cells (Fig. 3). DTT decreased spike fre-
quency adaptation in all cells examined. DTT more
than doubled (2.29 + 0.25 times, n = 3) the number
of action potentials elicited by 700 ms depolarizing
step. The increased number of action potentials did
not result from a change in the resting membrane po-
tential or input resistance. There was no obvious
change in the shape of the evoked action potentials.

Spike frequency adaptation is, in part, due to the
temporal summation of the calcium-dependent slow
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Control
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AHP. The effects of DTT on the AHP produced by a
train of 4 action potentials were examined in 4 cells.
As shown in Fig. 4. DTT did not alter the carly or late
phase of the AHP. In control. the tate AHP was 6.75
+ 1.60 mV while after exposure to DTT. the AHP
was 6.38 + 1.55mV (n = 4, P> 0.05).

DISCUSSION

This study demonstrates that DTT increases the
excitability of CA, pyramidal cells in the hippocam-
pal slice. This increased excitability is manifested by
the appearance of the following phenomena re-
corded from CA, pyramidal cells: (1) spontaneous
spiking and occasional spontaneous bursting activity:
(2) abnormal repetitive firing in response to ortho-
dromic stimulation: and (3) a reduction in spike fre-
quency adaptation. The appearance of these intra-
cellular events coincides with the onset of changes in
the orthodromic field potential recordings reported
previously®.

A prolongation of the EPSP appears to be respon-
sible for the repetitive firing elicited by orthodromic
stimulation following treatment with DTT. One
mechanism that could account for the increased
EPSP duration is the blockade of inhibitory inputs to
the pyramidal cells. The convulsants bicuculline and
penicillin prolong the EPSP through this action®™’-*.
In contrast to these agents DTT does not alter the re-
current IPSP. Feedforward inhibition was not tested.
however, and may be affected by DTT.

An alternative mechanism for EPSP prolongation
is inhibition of the reuptake of the excitatory neuro-
transmitter. The transmitter released by Schaffer
collaterals at the CA, pyramidal cells is thought to be
the excitatory amino acid. glutamate™**. Considering
that DTT (0.5 mM) decreases y-aminobutyric acid
reuptake™, it is feasible that through a similar mech-

60 min DTT

I

m = —80mv }2.5 mv

1 sec

Fig. 4. DTT did not alter the early or the late phase of the AHP following 4 action potentials evoked by a train of 4 suprathreshold cur-
rent puises (8 ms, 80 Hz? Traces were recorded prior to and 60 min following the start of DTT superfusion.
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anism, DTT could impair the reuptake of excitatory
amino acids. The multiphasic shape of the prolonged
EPSP following DTT exposure is inconsistent with
this possibility.

A third mechanism for prolongation of the EPSP is
that DTT alters the interaction of the CA,| and the
CA-/CA; subfields. Stimulation of the stratum radia-
tum to elicit an orthodromic response in CA, also an-
tidromically activates the CA/CA; region. If the ex-
citability of this region was elevated by DTT. then
stimulation of the stratum radiatum could result in a
reverberating circuit between CA, and the CA/CA;
subfields. Thus a reactivation of CA, resulting from
the delayed firing of the CA/CA; region would pro-
long the EPSP™**. Support for this hypothesis comes
from the observation that DTT seems to be less effec-
tive in prolonging the EPSP in isolated CA, regions
than in intact slices. In addition. it was possible to
stimulate the stratum radiatum at a sufficiently low
stimulus strength to evoke a long latency potential in
the absence of an early EPSP. This longer latency po-
tential most likely represents activation of CA, re-
sulting from the delayed firing of the CA./CA; region
in response to the stimulation of the stratum radia-
tum.

DTT probably does not increase excitability of
CA, pyramidal cells by increasing transmitter release
or by enhancing sensitivity of the receptor mediating
normal synaptic excitation. If these mechanisms
were responsible for the increased excitability, DTT
would be expected to increase the amplitude and rate
of rise of the EPSP. Instead. DTT had minimal ef-
fects on these parameters. Although the neurotrans-
mitter mediating the EPSP produced by Schaffer col-
lateral stimulation is uncertain., it is likely to be gluta-
mate®*. To date, no effects of DTT on the excitatory
amino acid receptors have been reported. DTT does
not alter the response of Onchidium esophageal gan-
glia to applied t-glutamate®. Other sulfhydryl
modifying reagents such as mercuric chloride. -
chloromercuribenzoate and n-ethylmaleimide de-
press rather than enhance glutamate and kainate re-
sponses recorded from pyramidal neurons of the rat
hippocampus>*.

Extracellular recordings suggested that DTT in-
creased excitability through both synaptic and extra-
synaptic mechanisms*’. Most neurons were some-
what depolarized following exposure to DTT. Simi-

larly Terrar™ observed that a 30-min exposure to
DTT caused a smali depolarization in muscle. Such a
mechanism 1s not likely to explain all the actions of
DTT. however. The oxidized form of DTT (rrans-4.5
dihydroxy-1.2 dithiane, OxDTT) was found in extra-
cellular experiments to be ineffective in inducing
multiple spiking in the orthodromic field potential*’.
Preliminary intracellular experiments indicate that.
although OxDTT causes a similar depolarization
(3-8 mV). it does not induce burst firing.

DTT decreased spike frequency adaptation. This
effect would promote repetitive firing since normal
mechanisms to attenuate trains of actions potentials
are impaired. The calcium-dependent potassium cur-
rent contributes significantly to regulation of firing
frequency in hippocampal pvramidal cells®*. A de-
crease in this current. however. is unlikely to be the
mechanism since the AHP (resulting from the calci-
um-dependent potassium current' %142y s yn-
affected by DTT.

In conclusion. DTT increases the excitability of the
hippocampus in vitro. This effect probably results
from DTT-induced reduction of disulfide bonds since
the reduced form., OxDTT. does not cause similar
hyperexcitability. DTT is known to interact with a
number of neurotransmitter system. which are pres-
ent in the hippocampus. Although stimulation of
stratum radiatum predominantly activates the Schaf-
fer collaterals and therefore an excitatory amino acid
pathway. other inputs and other transmitter systems
are likely to be activated. It is not unlikely that altera-
tion of these systems would contribute to the dvsfunc-
tion of the hippocampus following DTT exposure.
The abnormal activity produced by DTT in neural
tissue would limit its usefulness as a radioprotectant.
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