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Psychostimulant-Induced Plasticity of Intrinsic Neuronal
Excitability in Ventral Subiculum
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Psychostimulant drugs such as amphetamine are prescribed to increase vigilance, suppress appetite, and treat attention disorders, but
they powerfully activate the dopamine system and have serious abuse potential. Repeated psychostimulant exposure induces neuronal
plasticity within the mesolimbic dopamine system. Here we present evidence that repeated amphetamine exposure results in a suppres-
sion of intrinsic neuronal excitability in the ventral subiculum, a hippocampal region that activates dopamine neurotransmission. We
used patch-clamp recordings from brain slices obtained at different times after withdrawal from repeated amphetamine exposure to
determine the long-term effects of amphetamine on subicular excitability. Using several postsynaptic indices of sodium channel function,
our results show that excitability is decreased for days, but not weeks, after repeated amphetamine exposure. The resulting increase in action
potential threshold and decrease in postsynaptic amplification of excitatory synaptic input provide the first direct evidence that psychostimu-
lants induce plasticity of hippocampal output and suggest one mechanism by which drug withdrawal may influence limbic dopamine-
dependent learning and memory.
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Introduction
Enhanced dopamine signaling resulting from repeated exposure
to psychostimulants produces enduring addiction-associated
neuroadaptations within the mesocorticolimbic dopamine sys-
tem (White and Kalivas, 1998; Hyman and Malenka, 2001). The
ventral subiculum (vSUB) is an important component within
this system, providing the major source of output from the hip-
pocampus to cortical and subcortical regions (Swanson and
Cowan, 1977). Subiculum contains both regular spiking and in-
trinsically bursting neurons that code for spatial orientation
(place cells), reward-directed navigation, memory retrieval, and
delay activity associated with working memory (Sharp and
Green, 1994; Gabrieli et al., 1997; Martin, 2001; Hampson et al.,
2000; Martin and Ono, 2000; Zeineh et al., 2003).

Processed hippocampal information from the vSUB is distrib-
uted, via the fornix, to the prefrontal cortex (PFC) and nucleus
accumbens (NAc), both prominent components of the dopa-
mine system (Swanson, 1981; Lopes da Silva et al., 1984). Excita-
tory vSUB outputs play an especially critical role in controlling
the excitability of NAc medium spiny neurons (O’Donnell and
Grace, 1995), the activation of which by vSUB enhances dopa-
mine neurotransmission via polysynaptic projections to mid-

brain dopamine neurons (Blaha et al., 1997; Legault et al., 2000;
Floresco et al., 2001). In return, the vSUB receives direct feedback
from midbrain dopamine neurons (Gasbarri et al., 1991, 1994a,b,
1996).

The vSUB output is important for regulating dopamine-
dependent, reward-related behavior and responses to psycho-
stimulants. Simultaneous recordings from NAc and vSUB neu-
rons from freely moving rats indicate that both groups of neurons
increase their activity in response to reward anticipation, reward
presentation, and spatial location (Martin and Ono, 2000). Dis-
ruption of subicular neuronal excitability has several effects. (1)
Selective dopamine depletion within the vSUB impairs spatial
learning and memory (Gasbarri et al., 1996b); (2) vSUB gluta-
mate receptor (AMPA) blockade attenuates the efficacy of con-
ditioned reward (Hitchcott and Phillips, 1997); and (3) discrete
vSUB excitotoxic lesions decrease amphetamine-induced loco-
motion and cocaine self-administration (Caine et al., 2001). On
the other hand, vSUB stimulation increases psychostimulant-
induced behaviors (Taepavarapruk et al., 2000). For example, in
a model of drug relapse in which rats are trained to self-
administer cocaine before undergoing extinction training, brief
theta-burst, but not low frequency (2 Hz), stimulation of the
vSUB triggers reinstatement of cocaine-seeking behavior (Vorel
et al., 2001). Enduring changes in the excitability and pattern
of vSUB neuronal output could therefore play an important
role in modulating the mnemonic and addictive properties of
psychostimulants.

To date, prolonged changes in intrinsic neuronal excitability
and action potential output resulting from repeated exposure to
psychostimulant drugs are known to occur only within the NAc,
through downregulation of voltage-gated Na� and Ca 2� chan-
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nels (Zhang et al., 1998, 2002). Given that the NAc receives a
major limbic input from the hippocampus, which serves an im-
portant role in learning and memory, the purpose of this study
was to examine psychostimulant-induced intrinsic neuroadapta-
tions in postsynaptic hippocampal input integration and spike
output.

Materials and Methods
Amphetamine administration and behavior analysis. Rats were screened
for their locomotor activity in a locomotor testing apparatus (34 � 34
inch) for 30 min 1 week before receiving five daily subcutaneous injec-
tions of saline (SAL) (1 ml/kg) or amphetamine (AMPH) (2.5 mg/kg).
Two withdrawal times were used to assess the degree of behavioral sen-
sitization: an early withdrawal time (2 d) and a late withdrawal time (14
d). On these days rats were habituated to the test apparatus for 30 min
before an amphetamine challenge injection. All rats received a challenge
injection of 2.5 mg/kg amphetamine on test days, and stereotyped behav-
iors were scored by trained observers blind to treatment conditions.
Stereotyped behaviors were scored similar to procedures established pre-
viously (Wolf et al., 1995; Li et al., 1997). Briefly, rats (eight SAL treated
and eight AMPH treated) were manually scored sequentially in 25 sec
intervals for 2 hr on withdrawal days 2 and 14. Individual rearing bouts
and stereotyped continuous rearing and grooming were scored as events
if they occurred during the 25 sec observation period for each rat. Con-
tinuous rearing was counted if both forelimbs were raised off the surface
of the test arena for a period of 25 sec. Individual rearing events were also
counted each time both forelimbs were raised off the surface. Grooming
bouts were scored if they lasted �10 sec.

Slice preparation. For the early (36 – to 42-d-old rats) and late (42- to
50-d-old rats) withdrawal times, transverse slices with the hippocampus,
subiculum, and entorhinal cortex were prepared from mature Wistar
rats. Halothane-anesthetized rats were perfused through the heart with
chilled artificial CSF (ACSF), and the brain was removed with the head
immersed in ice-cold ACSF. The brain was mounted at a 60° angle to the
horizontal plane, and slices (300 �m) were cut using a Vibratome (Leica,
Nussloch, Germany). Slices were incubated for 20 – 40 min in a chamber
containing warm (34 –35°C) ACSF and then held at room temperature
until they were moved to the recording chamber. For recording, slices
were transferred individually to a chamber on a fixed stage of a Zeiss
(Oberkochen, Germany) Axioscop equipped with differential interfer-
ence contrast optics. Recordings were obtained under visual control us-
ing a Dage-MTI (Michigan City, IN) tube camera. All experiments were
performed during continuous perfusion with ACSF at 32–35°C.

For synaptic stimulations a stimulating electrode was placed in stra-
tum radiatum in the CA1 region of hippocampus. The current pulse was
adjusted in strength to evoke a 3–5 mV EPSP at the soma when the cell
was held at �67 mV. To avoid confounds caused by changing stimulus
intensity or duration, the synaptic current stimulus, once for each cell at
�67 mV, was established and then subsequently unaltered while the cell
was tested across a range of holding potentials from �75 to �50 mV or
until the cell spiked. The EPSP amplitude and integral were recorded, and
at least six traces were collected at each potential.

Histological procedures. After recording, the slices were placed in para-
formaldehyde (4%) and refrigerated at 4°C for �2 weeks before process-
ing. We processed the biocytin-filled cells using an avidin– horseradish
peroxidase reaction using the Vectastain ABC Kit (Vector Labs, Burlin-
game, CA). Processed slices were mounted on microscope slides using
Mowiol. Neuron reconstructions were performed using a Neurolucida
system (MicroBrightField, Inc., Williston, VT) and a Leica microscope
with a 63� oil immersion objective.

Solutions and drugs. Recording ACSF consisted of (in mM): 125 NaCl,
25 glucose, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2,
pH 7.4 (bubbled with 95% O2 and 5% CO2). For most experiments,
synaptic activity was blocked using a mixture of kynurenic acid (2.5 mM),
SR 95531 (2– 4 �M), and atropine (1 �M) added to the ACSF to eliminate
glutamate (NMDA and AMPA), GABAA, and muscarinic acetylcholin-
ergic synaptic activity, respectively. For experiments involving synaptic
stimulation, MK-801 (20 �M), SR 95531 (2 �M), and CGP 55845(1 �M)

were included in the bath to block NMDA, GABAA, and GABAB recep-
tors, respectively. Internal solution compositions are described in
current-clamp recordings below. Drugs were purchased from Sigma/RBI
(St. Louis, MO).

Current-clamp recordings. Whole-cell, current-clamp recordings were
made from the soma using a BVC-700 amplifier (Dagan, Minneapolis,
MN). Patch-clamp electrodes were fabricated from thick-walled boro-
silicate glass and fire polished to resistances of 3–5 M� in the bath. The
intracellular solution for whole-cell current-clamp recordings contained
(in mM): 115 K-gluconate, 20 KCl, 10 Na2-phosphocreatine, 10 HEPES, 2
Mg-ATP, and 0.3 Na-GTP, pH 7.3, and 0.1% biocytin (for subsequent
morphological identification). Data were stored on a Power Macintosh
G4 computer (Apple Computers, Cupertino, CA) via an ITC-16 interface
(Instrutech, Port Washington, NY). Data acquisition and analysis were
performed using custom macros running under Igor Pro (WaveMetrics,
Lake Oswego, OR). Voltage was filtered at 5 kHz and digitized at 20 kHz.

Data analysis. Data analysis was performed using IGOR Pro 4.0. To
calculate the voltage-dependent variation in the membrane potential, we
used the average deviation of 7 sec duration traces with no action poten-
tials present. The average power spectra were calculated for 7 sec traces
using a Hamming window. Traces were de-trended using a cubic poly-
nomial fit of the raw data that was subtracted from each trace before
performing the power spectral density analysis to eliminate low-
frequency (�0.1 Hz) DC drift in the recording. With use of either a step
pulse or simulated (s) EPSC injection, the action potential thresholds
were determined by calculating the first derivative (dV/dt) of the action
potential and then setting a rate of rise threshold of 30 mV/msec as the
criteria for the action potential inflection point. Integrals were calculated
by differentiating the postsynaptic potentials and then performing trap-
ezoidal integration. The start point of the integral calculation was the
peak of the voltage deflection, and the calculation stopped at the point
that the postsynaptic potential decayed back to baseline.

The sEPSCs were injected into the soma via the recording patch pipette
followed 400 msec later by a 5 msec square step pulse scaled to half the
sEPSC amplitude to verify accurate bridge balance and capacitance com-
pensation. We set the sEPSCs kinetics with a rise time of 0.2 msec and a
decay time of 6 msec, yielding sEPSPs that closely resembled actual EPSPs
(see Fig. 4). The sEPSPs were increased in amplitude from 100 to 2000 pA
until they elicited either a single action potential [regular spiking (RS)
cells] or a burst of action potentials [burst spiking (BS) cells]. We used
this method to classify vSUB neurons as either BS or RS cells because this
is a more physiologically relevant stimulus than a long step pulse. In RS
cells we continued to inject larger sEPSCs (100 pA increments) until the
cell emitted a burst of action potentials. This was considered to be the
“burst threshold” for RS cells.

Statistics for two groups were performed using paired or unpaired
Student’s two-tailed t tests on normally distributed data and two-tailed U
tests for non-normally distributed data. For multiple groups we used
ANOVA with or without repeated measures (see Appendix for detailed
statistical tests). Post hoc analysis was performed using a Bonferroni cor-
rected t test. All analyses were performed on the raw data with no more
than two cells per rat.

Results
Behavioral sensitization to amphetamine
We followed an established dosing regimen and scoring proce-
dure for producing long-lasting behavioral sensitization to
amphetamine-induced stereotypy (Wolf et al., 1995) (see Mate-
rials and Methods). After five daily subcutaneous injections of
saline or amphetamine (2.5 mg/kg), and followed by a with-
drawal period (early � 2 d; late � 14 d), the rats were scored for
their behavioral response to an amphetamine challenge injection.
The amphetamine group at the 14 d, late withdrawal time
(AMPH/LW) exhibited sensitized stereotyped continuous rear-
ing behavior compared with the saline control group (SAL/LW)
(SAL/LW, n � 8, stereotypy score � 0.6 � 0.4; AMPH/LW, n �
8, stereotypy score � 3.5 � 1.1; p � 0.05). A similar trend (albeit
nonsignificant) was observed in the amphetamine group at the
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2-d, early withdrawal time (AMPH/EW) compared with the sa-
line control group (SAL/EW) (n � 8, SAL/EW, stereotypy
score � 1.3 � 0.4; AMPH/EW stereotypy score � 2.3 � 0.6; p �
0.12). Thus, our treatment regimen produced long-lasting be-
havioral sensitization to amphetamine. Separate groups of rats
were used for the subsequent physiology experiments.

Passive and active properties of vSUB regular spiking and
bursting neurons after withdrawal from amphetamine
We recorded from a total of 129 vSUB neurons in this study. On
the basis of the action potential response of each cell to a
threshold-level sEPSC injection, the cells were classified as RS
(53%) or BS (47%), as seen in Figure 1. The proportion of BS
neurons closely matches the proportion of “strong” bursting
neurons (51%) that we have classified previously on the basis of
the ability of subicular neurons to fire repeated bursts in response
to a 1 sec current step (Staff et al., 2000). Neurons classified
previously as “weak” bursting (on the basis of a single burst re-
sponse to a 1 sec current step pulse) typically emitted single spikes
in response to brief sEPSC injections and were therefore classified
as RS neurons in this study. These neurons were able to produce
bursts, however, with larger sEPSC injections (	30 –100% above
their single-spike rheobase) (Fig. 1A2,A3). There were no differ-
ences in resting potential or the steady-state input resistance (RN)
measurements between BS and RS cells (Table 1) (see supple-
mental material, Fig. S1, available at www.jneurosci.org), verify-
ing our previous description of subicular pyramidal neuron
physiology (Staff et al., 2000).

In the presence of synaptic blockers, the relative numbers of
RS and BS neurons were not different between the SAL and
AMPH groups at the early or late withdrawal times, indicating
that amphetamine treatment did not change the proportion of RS
to BS cells in the vSUB. For spike threshold, amplitude, and rise
rate, there were no significant differences between RS and BS
neurons, and therefore they were pooled in Figure 2 and normal-
ized to the SAL controls. The neurons from the AMPH/EW
group were less excitable to current step or sEPSC injections
compared with SAL controls as evidenced by their more depolar-
ized action potential thresholds, smaller action potential ampli-
tudes, and slower rates of action potential rise (Table 1, Fig. 2).

Although no differences were detected in the amount of current
necessary to trigger spikes using sEPSC input (sEPSC rheobase)
in the SAL and AMPH groups (Table 1) at either withdrawal time
point, the sEPSC amplitude necessary to make RS cells burst was
significantly larger in the AMPH/EW group compared with the
SAL/EW group ( p � 0.01).

None of the amphetamine-induced changes in Table 1 and
Figure 2 that were present at the AMPH/EW time were present at
the late withdrawal time. These results indicate that amphet-
amine treatment and short-term withdrawal decreased the excit-
ability of vSUB neurons by raising their action potential thresh-
old and increasing the current required to induce bursting,
without changing input resistance (see supplemental material).

Subthreshold membrane potential oscillations in
vSUB neurons
Subicular pyramidal neurons exhibit near-threshold oscillations
that result from subthreshold activation of voltage-gated Na�

channels; the oscillations are blocked by TTX and persist in the
presence of ionotropic GABA and glutamate blockers, calcium
channel blockers, and Ih channel blockers (Mattia et al., 1997). In
the presence of synaptic blockers we measured membrane poten-
tial fluctuations while holding the membrane potential at �75,
�70, �65, �60, �58, �55, or �50 mV (7 sec sweeps) or until
threshold for the action potential was reached. An analysis of the
dependence of the near-threshold membrane potential oscilla-
tions on voltage-gated Na� channels was performed on the RS
and BS neurons in the saline- and drug-treated groups. Figure 3
shows representative traces of the near-threshold amplification
of membrane potential oscillations before and after application
of TTX (500 nM), which reduced the voltage-dependent increase
in oscillation amplitude. A power spectral density plot showed a
dominant peak at 3 Hz for the nontreated and saline control rats
(n � 15). TTX decreased the peak without shifting the dominant
frequency (Fig. 3B). Comparisons of SAL/EW versus AMPH/EW
and SAL/LW versus AMPH/LW indicated that in all groups there
was a significant voltage-dependent reduction in the subthresh-
old oscillations after TTX ( p � 0.0001). This indicates that most
of the near-threshold amplification of membrane potential oscil-
lations in all groups is attributable to voltage-gated Na�

channels.
Amphetamine treatment decreased oscillations at the early

but not the late withdrawal time (early, p � 0.0001; late, NS).
There was a significant main effect of holding potential at both
withdrawal times (early, p � 0.0001; late, p � 0.0001), and there
was a drug by holding potential interaction at the early but not the
late withdrawal time (Early, p � 0.05; late, NS). These findings
indicate that amphetamine treatment and short-term withdrawal
reduced, but did not eliminate, Na� channel-mediated sub-
threshold oscillations.

Voltage-dependent amplification of simulated synaptic input
in vSUB neurons
Synaptic stimulation of the stratum radiatum produced EPSPs
from vSUB neurons that exhibited pronounced nonlinear ampli-
fication between voltages of �75 and �55 mV (Fig. 4). As in
neocortical neurons (Thomson et al., 1988; Deisz et al., 1991;
Stuart and Sakmann, 1995; Gonzalez-Burgos and Barrionuevo,
2001), near-threshold amplification of synaptically generated
EPSPs and simulated EPSP (peak and integral) in vSUB RS and
BS neurons was blocked in the presence of TTX (Fig. 4B–E). This
indicates that voltage-gated Na� channels boost near-threshold
synaptic inputs in vSUB pyramidal neurons.

Figure 1. Reconstructions of vSUB neurons and their spike-firing properties. A, B, Regular
spiking ( A) and intrinsically burst-spiking neurons ( B) and their respective traces. A1 (RS neu-
ron) and B1 (BS neuron) show whole-cell current-clamp recordings in response to a long (600
msec) step pulse current injection of 250 pA. A2 (RS neuron) and B2 (BS neuron) show whole-cell
current-clamp recordings in response to brief sEPSC (0.2 rise tau, 6 msec decay tau) of 1500 pA
(A2) or 950 pA (B2). A3 shows the RS neuron induced to burst by a larger sEPSC (2000 pA). The
two cells depicted and their recorded traces were chosen randomly from the RS and BS groups.
Previous quantitative analyses by our laboratory have shown no morphological differences
between the dendritic arborization in RS and BS neurons (Staff et al., 2000).
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We examined whether repeated amphetamine treatment and
withdrawal could alter near-threshold sEPSP amplification. To
study postsynaptic EPSP amplification and avoid possible con-
founds associated with repeated amphetamine exposure-induced
changes in synaptic input or driving force, we used direct simu-
lated EPSC injection that mimicked the kinetics of synaptically
evoked responses. As seen in Figure 5, there was a significant
reduction in the sEPSP peak amplification in AMPH/EW com-
pared with SAL/EW (peak, p � 0.03; integral, NS), and there was
a significant main effect of the holding potential for both the
sEPSP peak and integral (peak, p � 0.0001; integral, p � 0.0001).
There was no drug by holding potential interaction, although a

trend for reduced amplification in the AMPH group was ob-
served (peak, p � 0.06; integral, NS). A significant decrease in the
sEPSP peak in the AMPH/EW versus SAL/EW group at holding
potentials of �65 mV ( p � 0.01) and �60 mV ( p � 0.05) and a
significant decrease in the integral at �60 mV ( p � 0.05) was
detected by a Bonferroni corrected t test. This indicates that
short-term amphetamine withdrawal decreases, but does not
eliminate, the near-threshold amplification of somatic sEPSPs in
vSUB pyramidal neurons.

Unlike the early withdrawal groups, late withdrawal groups
showed no significant difference between SAL/LW and
AMPH/LW treatments for the peak and integral of the sEPSP.
Both groups showed the voltage-dependent enhancement of
sEPSPs (peak, p � 0.0001; integral, p � 0.0001) and no interac-
tion between the groups and the enhancement. This indicates
that the initial amphetamine-induced reduction in near-
threshold sEPSP amplification present at the early withdrawal
point is no longer present at the late withdrawal time.

To test for the possible effects of residual amphetamine influ-
encing the results that we obtained during the early withdrawal
period, we examined whether amphetamine (25–50 �M) applica-
tion to slices changed vSUB passive and active properties, near-
threshold oscillations, sEPSP amplification, and rheobase. There
was no effect of acute amphetamine, yet there was a significant
effect of holding potential for both groups (F(5,66) � 17.7; p �
0.0001) with no drug treatment by holding potential interaction
(F(5,66) � 1.70; NS) (see supplemental material, Fig. S2). There-
fore, residual amphetamine cannot explain the significant effects
that we observed in the AMPH/EW withdrawal group compared
with SAL controls. Post hoc analyses showed that no other mea-
sures were different between baseline and acute amphetamine
exposure, therefore ruling out the possibility that residual am-
phetamine contributed to the effects that we measured at the
early withdrawal point.

To further examine the relationship between spike threshold
and sEPSP in RS and BS neurons, we performed a spike-latency
analysis in the SAL control groups. To test for spike timing la-
tency, neurons were held at potentials close to threshold (approx-
imately �60 mV) and stimulated with sEPSCs just large enough
to trigger an action potential (Fig. 6A). There was a significant
difference in sEPSP spike latency in the RS (median � 20.1 msec)
and BS (median � 11.8 msec) neurons (Fig. 6A) (Mann–Whit-
ney U test; p � 0.05). In addition, for SAL group RS and BS
neurons, there was a significant correlation between spike thresh-
old and spike latency that was reasonably fit by an exponential

Table 1. In vitro electrophysiological properties of vSUB during withdrawal from amphetamine

SAL/EW AMPH/EW SAL/LW AMPH/LW

RS BS RS BS RS BS RS BS

Vm (mV) �73.4 � 1.0 �73.1 � 0.9 �70.5 � 0.8 �69.3 � 0.8 �69.9 � 1.0 �68.9 � 1.1 �72.1 � 1.1 �67.8 � 1.2
Rn (M�) 57.5 � 5.7 65.1 � 7.6 64.31 � 5.8 65.0 � 7.0 54.5 � 5.0 54.1 � 7.2 65.4 � 4.6 56.5 � 5.6
600 msec rheobase (pA) 135 � 25 144 � 19 174 � 31 198 � 31 194 � 27 196 � 40 135 � 22 205 � 24
600 msec threshold (mV) �48.5 � 1.1 �50.0 � 0.8** �46.9 � 1.2 �46.6 � 0.6** �47.9 � 1.9 �47.5 � 1.2 �48.6 � 1.7 �46.4 � 0.8
Amplitude (mV) 93.9 � 2.0 95.5 � 1.6* 92.6 � 2.2 89.3 � 2.8* 95.9 � 1.6 95.1 � 1.6 91.3 � 2.4 95.7 � 3.6
dV/dt (V/sec) 479 � 22 521 � 29* 451 � 19 459 � 25* 557 � 26 556 � 26 533 � 45 511 � 24
Half-width (msec) 0.72 � 0.02 0.71 � 0.02 0.72 � 0.03 0.69 � 0.03 0.69 � 0.03 0.66 � 0.03 0.66 � 0.04 0.70 � 0.03
SEPSC rheobase (pA) 980 � 150 812 � 79 1000 � 109 881 � 110 846 � 107 702 � 115 830 � 125 974 � 180
SEPSC burst rheobase (pA) 1113 � 74** NA 1570 � 127* NA 1280 � 178 NA 1571 � 142 NA
SEPSC threshold (mV) �52.1 � 1.4 �52.7 � 0.8* �50.4 � 1.0 �49.6 � 0.9* �51.9 � 0.6 �50.4 � 1.4 �48.6 � 1.7 �49.3 � 1.3

Electrophysiological properties of vSUB neurons at early and late withdrawal times from repeated amphetamine treatment. For both regular spiking (RS) and burst spiking (BS) neurons, measurements of the passive properties of input
resistance (RN) and resting potential (Vm) are presented for the two groups (SAL and AMPH) at an early withdrawal (EW) or late withdrawal (LW) time point. Active properties of the action potentials, such as half-width, threshold, amplitude,
and minimum current needed to trigger an action potential (rheobase) were assessed using either a 600 msec current step pulse or an sEPSC input. The minimum sEPSC injection required to initiate a burst in an RS cell (sEPSC rheobase) was
performed only in RS cells. ANOVA and two-tailed t test were used to compare treatment groups within each withdrawal time between each neuron classification (RS and BS). All groups were composed of 8 –19 different cells with no more
than 2 cells from a single rat. *p � 0.05; **p � 0.01.

Figure 2. Amphetamine-induced changes in action potential properties. A–C show the sig-
nificant differences between early withdrawal from repeated SAL or AMPH (gray) on the nor-
malized (x/average SAL control) change in initial spike threshold (threshold-holding potential)
( A) (**p � 0.01) and normalized height ( B) (**p � 0.01) and rise rate ( C) (*p � 0.05). Cells
in all treatment groups were held at similar holding potentials before triggering action poten-
tials (SAL/EW � �67.3 � 0.3; AMPH/EW � �67.6 � 0.3; SAL/LW � �67.7 � 0.2;
AMPH/LW ��68.0 � 0.03). All groups were composed of 16 –19 cells. D, Threshold burst in
response to a 600 msec step current pulse injection in representative SAL/EW (black) and
AMPH/EW (gray) BS neurons. The AMPH/EW trace has an elevated initial spike threshold, de-
creased amplitude, and decreased rise rate (dV/dt, inset), as also seen in A–C and in Table 1. The
inset shows the spike rise rate calculated as the first derivative of the bursts for each group
shown in A (dV/dt: SAL/EW � 605 mV/msec; AMPH/EW � 408 mV/msec). There were no
differences between the two BS cells on the holding potential before the burst was triggered
(SAL/EW � �68.0 mV; AMPH/EW � �67.5 mV).
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regression equation (RS, R 2 � 0.30, p � 0.01; BS, R 2 � 0.20, p �
0.05). This significant relationship between spike threshold and
latency (Fig. 6B) could not be attributed to differences in holding
potential because there was no significant correlation between
holding potential and spike latency (Fig. 6C).

We next examined whether withdrawal from repeated am-
phetamine exposure could induce changes in the sEPSP spike

timing latencies. There was no significant main effect for RS neu-
rons (F(2,40) � 1.16; NS); however, there was a significant differ-
ence between the latencies for BS neurons in the SAL (pooled EW
and LW), AMPH/EW, and AMPH/LW groups (F(2,42) � 7.29;
p � 0.002). BS neurons in the AMPH/EW group had significantly
delayed initial spikes compared with the SAL controls ( p � 0.01)
(Fig. 7B). For the early withdrawal time, differences between
groups were not caused by differences in holding potential (Fig. 7,
legend). There were no differences in the spike latencies between

Figure 3. Voltage-dependent amplification of near-threshold membrane potential oscilla-
tions in the vSUB RS and BS neurons after withdrawal from repeated saline or amphetamine
treatment. A shows the voltage– dependent amplification of subthreshold membrane poten-
tial oscillations measured as average deviation before (Baseline) and after TTX (500 nM). B, The
power spectral density plot of the subthreshold membrane potential oscillations from pooled RS
and BS vSUB neurons (n � 15) in nontreated and SAL controls, showing a voltage-dependent
peak at 3 Hz at �55 mV and its attenuation after TTX (500 nM). C and D show a scatter plot of the
average deviation of the RS and BS membrane potential oscillations at several holding poten-
tials (�75 to �55 mV) in the SAL/EW ( C) and AMPH/EW ( D) early withdrawal groups. Open
(SAL) and filled (AMPH) squares represent the pooled RS and BS values for each treatment
group. E shows that both treatment groups show a significant voltage-dependent amplification
of the membrane potential oscillations (SAL/EW, n � 15, p � 0.001; AMPH/EW, n � 19, p �
0.001; see Appendix). Scatter plots for the late withdrawal are not shown because there were no
differences between treatment groups, and the scatter between RS and BS neurons was similar
to the early withdrawal time (C, D). E and F show the pooled average of RS and BS neurons for
each treatment group. Compared with SAL/EW, the AMPH/EW group had significantly de-
creased voltage-dependent amplification of the membrane potential oscillations in the near-
threshold voltage range between �60 and �55 mV ( E) (*p � 0.05). TTX (500 nM) greatly
reduced voltage-dependent oscillation amplification and eliminated the drug-treatment dif-
ferences. F, Late withdrawal voltage-dependent amplification of the membrane potential os-
cillation amplitude in the SAL/LW (n � 17) and AMPH/LW (n � 15) groups before and after
attenuation by TTX. Symbols represent the mean average deviation and holding potential; error
bars represent � SEM average deviation. Peak-to-peak oscillations were 2–10 times larger
than the average deviation for each trace.

Figure 4. Voltage-dependent amplification of synaptically generated and simulated EPSPs
in vSUB pyramidal neurons is dependent on TTX-sensitive Na � channels. A, Scatter plot shows
the similarity in voltage-dependent amplification between synaptically generated EPSPs and
simulated EPSPs from negative holding potentials (�75 mV) to near-threshold potentials
(�59 mV). EPSPs (filled squares) and sEPSPs (open circles) were collected in the same sweep
500 msec apart. The averages for EPSPs (large filled squares) and the sEPSPs (large open circles)
were taken from six consecutive sweeps in both RS and BS neurons (n � 4). The inset shows
superimposed representative sweeps of EPSPs (open triangle) and sEPSPs (open diamond) at
both negative and near-threshold holding potentials. B and C show near-threshold EPSP and
sEPSP amplification before and after bath application of a submaximal concentration of TTX (50
nM, gray traces). D and E show the average (n � 2) voltage-dependent TTX-sensitive amplifi-
cation of the peak ( D) and integral ( E) from EPSPs (squares) and sEPSPs (TTX, 50 nM, circles).
NMDA, GABAA , and GABAB receptors were blocked by using MK-801 (20 �M), SR 95531 (2 �M),
and CGP 55845 (1 �M) in the bath solution.
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the saline and drug groups at the late withdrawal time. These
results indicate that repeated amphetamine exposure and with-
drawal increase the near-threshold sEPSP spike latency selec-
tively in BS neurons and may be caused by the elevated spike
threshold in the AMPH group (Table 1).

Together our results suggest that in the early stages of with-
drawal from amphetamine there is a decrease in the voltage-gated
Na� conductance. We therefore reasoned that we should be able
to mimic the effects of amphetamine-induced plasticity by
slightly reducing Na� channel availability using TTX. Rather
than arbitrarily picking a fixed steady-state “low” concentration
of TTX to test all cells, we chose to continuously (0.1 Hz) monitor
near-threshold sEPSP amplification and bursting threshold and
spike latency as TTX (500 nM) slowly washed into the recording
chamber. This allowed us to detect the gradual effects of Na�
channel downregulation until all action potentials were com-

pletely inhibited at steady-state concentrations of TTX (500 nM).
The results are seen in Figure 8, which shows that a minimal
reduction in Na� conductance increases the spike threshold and
delays the spike latency. A significant positive linear relationship
between spike threshold and spike latency was observed for four
neurons in the presence of low TTX ( p � 0.01; R 2 � 0.99).
Minimal Na� channel downregulation also increased the action
potential threshold (n � 4; before TTX � �49.5 � 0.52 mV; after
TTX � �48.6 � 0.58 mV; p � 0.05) and decreased the near-
threshold oscillations average deviation (n � 4; before TTX �
0.13 � 0.027 mV; after TTX � 0.11 � 0.022 mV; p � 0.02), and
sEPSP amplification (n � 4; before TTX � 6.63 � 0.63 mV; after
TTX � 6.28 � 0.70 mV; p � 0.05) at the same time that it delayed

Figure 5. Voltage-dependent amplification of sEPSP input in vSUB pyramidal neurons after
early or late withdrawal from repeated saline or amphetamine treatment. A and B show scatter
plots of the near-threshold peak and integral amplification in RS and BS neurons from the
SAL/EW control (top panels) and AMPH/EW groups (bottom panels) groups. Both groups ex-
hibited significant voltage-dependent amplification of the sEPSPs ( p � 0.001). No differences
in the amplification distribution between RS and BS neurons in either drug group at either
withdrawal time were detected; therefore they were pooled for the drug comparisons (SAL/EW,
�; AMPH/EW, f). C shows an amphetamine-induced reduction in the peak and integral of
near-threshold amplification of the sEPSP in the AMPH/EW group (SAL, n � 12; AMPH, n � 12;
**p � 0.01; *p � 0.05; see Appendix). Scatter plots for the late withdrawal time are not shown
because there were no treatment group differences, and the scatter for RS and BS neurons was
similar to those shown for the early withdrawal (A, B). D shows the return to normal near-
threshold peak (left) and integral (right) amplification of the sEPSP in SAL/LW and AMPH/LW
groups. All groups consisted of 6 –12 cells.

Figure 6. Near-threshold spike timing variability in RS and BS vSUB neurons. A shows a
scatter plot and median line of the action potential timing response to near-threshold sEPSC
injection in RS (open circles, n � 19) and BS (filled triangles, n � 16) neurons. The near-
threshold spike timing median latencies were significantly different between RS and BS neu-
rons (*p � 0.05; Mann–Whitney U test). RS and BS neurons were held at similar holding
potentials (RS � �60.07 � 0.73 mV; BS � �60.08 � 0.70), and there were no differences
in the amplitude of the sEPSC current injection between groups (see supplemental material, Fig.
S1). The insets show representative RS (top) and BS (bottom) traces, symbolized in the scatter
plot by a filled square (RS) and an open diamond (BS). B shows the action potential threshold
(top panels) and holding potential (bottom panels) relationship to the spike latency triggered
by a near-threshold input. To optimize the R 2 values, the action potential threshold/latency
data were fit by a logarithmic equation (see Appendix) to the pooled SAL/EW and SAL/LW
control groups (RS, R 2 � 0.30, p � 0.01; BS, R 2 � 0.20, p � 0.05), and the holding potential/
latency data were fit with a linear equation (RS, R 2 � 0.0046; BS, R 2 � 0.037). The AMPH/EW
group (filled diamonds) exhibited the same relationship between threshold and spike latency as
the SAL control group (AMPH RS, n � 16; AMPH BS, n � 10).
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the spike latency (n � 4; before TTX � 11.8 � 2.8 msec; after
TTX � 21.7 � 5.9 msec; p � 0.05) (Fig. 8). These results closely
match the effects observed during short-term withdrawal from
amphetamine, suggesting that repeated amphetamine treatment
and withdrawal decrease Na� channel function in vSUB
neurons.

Discussion
Effects of amphetamine withdrawal on action potential firing
in vSUB neurons
Short-term withdrawal from amphetamine raised the action po-
tential threshold, lowered the action potential height, decreased
the rate of action potential rise, and decreased the likelihood and
timing of bursting in vSUB neurons compared with SAL controls
(Table 1, Fig. 2). Similar results on spike threshold and amplitude
have been reported in NAc medium spiny neurons during short-
term withdrawal (1–3 d) from repeated cocaine treatment
(Zhang et al., 1998). In fact, short-term withdrawal from cocaine
decreases whole-cell Na� and high voltage-activated Ca 2� cur-
rent (N-type and R-type), which makes the NAc neurons less
excitable (Zhang et al., 1998, 2002). There were no changes in the
proportion of RS and BS neurons after amphetamine treatment

and withdrawal, suggesting that the action potential-dependent
Ca 2� tail current, which correlates with the strength of bursting
(Jung et al., 2001), was not altered. It is possible that decreased
action potential output resulting from psychostimulant-induced
plasticity (PSIP) of voltage-gated Na� channels is a common
mechanism affecting dopamine target structures such as NAc and
vSUB (and perhaps others).

Near-threshold membrane potential amplification and spike
timing in vSUB neurons
Experimental and computational studies in the entorhinal cortex
indicate that near-threshold oscillations arise from the stochastic
flicker of voltage-gated Na� channels, which may serve to am-
plify responses to weak synaptic signals near the spike threshold
(White et al., 1998). Consistent with this hypothesis, our results
indicate that near-threshold membrane potential oscillations and
EPSP amplifications were eliminated by TTX. The reduction of
these oscillations during short-term withdrawal from amphet-
amine (20% reduction at �55 mV compared with SAL) (Figs. 3E,
5C) is therefore consistent with an amphetamine-induced down-
regulation of Na� channel function.

The near-threshold sEPSP-evoked spike latency distributions
in RS and BS neurons were different. BS neurons had a narrow
window (8 –20 msec), whereas RS neurons had a larger window
(10 – 60 msec). The relationship between the spike threshold and
the spike latency was such that more depolarized thresholds were

Figure 7. Near-threshold spike timing variability after early or late withdrawal from saline
or amphetamine in RS and BS vSUB neurons. A and B show scatter plots of the action potential
timing response of RS and BS neurons to near-threshold sEPSC injection at the early or late
withdrawal times from SAL or AMPH (RS: SAL, n � 10; AMPH, n � 8, open circles; BS: SAL, n �
8; AMPH, filled triangles, n � 9). At the early withdrawal, the near-threshold spike timing
latencies in BS neurons were significantly different compared with SAL withdrawn neurons
(*p � 0.05; Mann–Whitney U test). All groups were held at similar holding potentials (SAL/EW
RS � 59.5 � 0.74 mV; SAL/EW BS � 61.3 � 0.81 mV; AMPH/EW RS � 58.9 � 0.96 mV;
AMPH/EW BS � 61.2 � 0.62 mV; SAL/LW RS ��60.6 � 0.57 mV; SAL/LW BS ��59.2 �
0.94 mV; AMPH/LW RS � �59.12 � 0.75 mV; AMPH/LW BS � 59.4 � 1.00 mV), and there
were no differences in the amplitude of the sEPSC current injection between groups (see sup-
plemental material, S1). B inset shows representative SAL/EW BS (top) and AMPH/EW BS (bot-
tom, gray) traces, symbolized in the respective scatter plots by filled gray triangles. As above, all
groups were held at similar holding potentials.

Figure 8. TTX-induced downregulation of voltage-gated Na � channels mimics the effects
of early withdrawal from amphetamine. A shows a representative burst response to an sEPSC
(400 pA) somatic input before (black trace) and during (gray trace, open triangle) infusion of TTX
on BS action potential threshold and spike timing latency. The gray open triangle shows the TTX
trace in the scatter plot in B. B shows the relationship between the spike threshold and latency
during infusion of low concentrations of TTX. A linear fit line shows a positive correlation be-
tween threshold and spike latency (R 2 � 0.99). The holding potentials were similar before
(�60.3 � 0.38 mV) and after TTX (�60.6 � 0.45 mV). C shows the subthreshold sEPSP
response to a 200 pA (left) and 300 pA (right) sEPSC somatic input taken 400 msec apart and 300
msec before the burst trace seen in A. Note the near-threshold amplification only in the 300 pA
trace. The subthreshold sEPSCs were injected every 300 – 400 msec while TTX washed in the
recording chamber. The before and after TTX traces shown were 40 sec apart. Under our exper-
imental conditions, TTX (500 nM) reached sufficient concentrations in the recording chamber to
eliminate the action potentials between 240 and 300 sec. All TTX time points were taken be-
tween 30 and 60 sec from the entry of TTX into the recording chamber. Action potentials in A are
truncated.
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associated with longer latencies. Short-term withdrawal from
amphetamine increased the spike threshold by 	3 mV and dou-
bled the sEPSP-evoked spike timing latency in bursting neurons.

Mechanisms of psychostimulant-induced plasticity of
intrinsic neuronal excitability
Amphetamine produces a prolonged increase in dopamine neu-
rotransmission by reversing the dopamine reuptake transporter
on the dopamine terminals (Jones et al., 1998). It is unknown
whether amphetamine-induced plasticity in the vSUB is caused
by elevated postsynaptic dopamine signaling or dopamine-
mediated synaptic changes in network inputs to the vSUB, or
both; however, the expression of PSIP of vSUB intrinsic neuronal
excitability at the early withdrawal is clearly postsynaptic. It ap-
pears likely that, like PSIP in the NAc, vSUB PSIP decreases the
function of Na� channels, because we were able to reproduce the
effects of short-term withdrawal from amphetamine using low
concentrations of TTX. This procedure reduced Na� channel
availability enough to decrease near-threshold oscillations and
sEPSP boosting and increase the spike threshold and EPSP-
evoked spike-timing latency, without inhibiting action potential
bursting (Figs. 3, 8).

PSIP of voltage-gated Na� channels in the NAc neurons is
thought to arise from repeated dopamine D1 receptor-mediated
activation of the protein kinase A (PKA) pathway, which in-
creases phosphorylation of Na� channels, thereby decreasing
their function (Zhang et al., 1998). D1/PKA-mediated phosphor-
ylation of Na� channel function has been shown to be voltage
dependent, exhibiting a greater inhibition at membrane poten-
tials near spike threshold (approximately �50 mV) (Cantrell et
al., 1999). Interestingly, all of the short-term effects of repeated
amphetamine exposure in this study were observed at or above
near-threshold potentials (�60 to �50 mV), which is where PKA
activation has recently been shown to exhibit a greater ability to
inhibit Na� channel function by increasing the proportion of
Na� channels in the slow-inactivated state (Carr et al., 2003).
Although speculative, it is possible that repeated amphetamine
exposure enhances the PKA pathway and increases the propor-
tion of voltage-gated Na� channels in the slow-inactivated state.

Functional consequences of PSIP for synaptic integration and
plasticity in vSUB
Computer modeling studies have suggested that bursting codes
for sudden increases in synaptic input (Kepecs et al., 2002), which
may be theoretically important in the dopamine system for sig-
naling salient environmental stimuli (for review, see Cooper,
2002). Burst-mode spiking may transmit important information
by increasing the reliability of synaptic transmission (Miles and
Wong, 1986; Lisman, 1997; Snider et al., 1998). Under normal
conditions, in vSUB target structures such as the NAc, stimula-
tion of subicular glutamatergic projection neurons increases
their excitability (Finch, 1996), which would likely be enhanced
by bursting. For example, excitatory outputs from the ventral
hippocampus set the timing and amplitude of the prolonged
(	200 –500 msec) subthreshold “up” states in medium spiny
neurons of the NAc. These up states are required for NAc me-
dium spiny neurons to spike, thus making limbic projections
capable of “gating” input into the NAc neurons (O’Donnell and
Grace, 1995). Combined with the established PSIP in the NAc
(Zhang et al., 1998, 2002), PSIP in the vSUB may result in dimin-
ished and inappropriately timed excitatory drive to the NAc that
could produce a coordinated decrease in excitability leading to
disruptions in dopamine-mediated behaviors.

Postsynaptic modulation of the near-threshold spike latencies
may influence not only ongoing neural processing but also syn-
aptic plasticity [e.g., long-term depression (LTD) or long-term
potentiation (LTP)], which is dependent on the EPSP–spike tim-
ing relationship [spike timing-dependent plasticity (STDP)]. The
strength and precise (millisecond) timing of presynaptic input
and postsynaptic spiking have a strong influence on the polarity
and degree of STDP (Markram et al., 1997; Bi and Poo, 1998;
Nishiyama et al., 2000; Sjostrom et al., 2001). Our results in vSUB
may be significant for STDP because we observed significant dif-
ferences in the EPSP–spike timing latencies between the RS (la-
tency � 20 msec) and BS (latency � 12 msec) neurons (Fig. 7). In
addition, short-term withdrawal from amphetamine doubled the
EPSP–spike timing latency in BS neurons (SAL � 14 msec;
AMPH � 28 msec), a difference that would be predicted to
change the polarity of STDP at synapses onto vSUB neurons or
from vSUB to its targets.

Not only is precise timing important for synaptic plasticity,
but so is the amplitude of the postsynaptic response. Weak syn-
aptic EPSPs fail to produce LTP when paired with appropriate
EPSP–spike timing, but a postsynaptic (somatic) current injec-
tion that boosts the EPSP a few millivolts rescues LTP (Sjostrom
et al., 2001). Near-threshold Na� currents could provide the
necessary postsynaptic EPSP boosting to bring weak EPSPs into
an appropriate timing and depolarization window to permit LTP.
Our finding that repeated amphetamine treatment reduced near-
threshold amplification of the sEPSP peak (10% reduction) and
integral (20% reduction) in vSUB neurons suggests that under
these conditions vSUB synaptic output may be diminished, lead-
ing to impaired vSUB-dependent associative learning.

Behavioral consequences of PSIP in vSUB neurons
Repeated exposures to psychostimulant drugs are capable of in-
ducing psychosis in humans and long-lasting behavioral sensiti-
zation associated with impaired dopamine transmission, addic-
tion, and schizophrenia (Robinson and Becker, 1986; Paulson et
al., 1991; Strakowski et al., 1996; Lieberman et al., 1997; Wolf,
1998; Laruelle, 2000; Ujike, 2002; Castner and Goldman-Rakic,
2003;). Our results are consistent with others showing that re-
peated exposure to amphetamine produces long-lasting behav-
ioral sensitization (Paulson et al., 1991; Wolf et al., 1995; Li et al.,
1997). The fact that reduced intrinsic excitability in vSUB physi-
ology was limited to the early withdrawal time point indicates
that PSIP in the vSUB may be related to the induction of sensiti-
zation or expression of locomotor depression but is not necessary
for the long-term expression of sensitization.

Short-term withdrawal from amphetamine produces disrup-
tions in conditioned associative learning (Murphy et al., 2001;
Russig et al., 2002). Selective lesions of the ventral hippocampus
and vSUB disrupt dopamine transmission, sensorimotor gating,
conditioned learning, and behavioral response to psychostimu-
lant drugs (Caine et al., 2001). The impairments in sensory gating
and associative learning are reversed by dopamine antagonists
and exacerbated by amphetamine (Caine et al., 2001; Russig et al.,
2003). Thus it appears that precise regulation of dopamine tone
and vSUB excitability is critical for proper sensorimotor gating
and associative learning.

In addition to these effects, enhancement of dopamine neu-
rotransmission by administration of amphetamine directly into
the NAc increases the reinforcing effects of vSUB self-
stimulation, suggesting that a cooperative relationship between
enhanced dopamine tone in the NAc and the subiculum influ-
ences motivated behavior (Sweet and Neill, 1999). PSIP of vSUB
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neuronal excitability may lead to altered synaptic integration and
EPSP–spike timing relationships in these circuits, which in turn
may participate in the impaired sensorimotor gating and associa-
tive learning deficits that are associated with psychomotor stim-
ulant withdrawal and other mesolimbic dopamine system
disorders.

Appendix
Here we report the ANOVA statistics associated with the near-
threshold membrane potential oscillations and sEPSP amplifica-
tion presented in Figures 3 and 6. The curve-fitting equations for
Figures 3, 5, and 6 are also presented.

For Figure 3, separate two-way (before and after TTX) re-
peated measure (holding potential) ANOVA comparisons of
SAL/EW versus AMPH/EW and SAL/LW versus AMPH/LW
were performed. The ANOVA indicated that TTX reduced oscil-
lations in all groups (SAL/EW: F(1,89) � 152.26, p � 0.0001; SAL/
LW: F(1,101) � 64.9, p � 0.0001; AMPH/EW: F(1,113) � 116.77,
p � 0.0001; AMPH/LW: F(1,83) � 43.7, p � 0.0001). All groups
showed a significant holding potential repeated measure effect
(SAL/EW: F(5,84) � 26.37, p � 0.0001; SAL/LW: F(5,96) � 18.6,
p � 0.0001; AMPH/EW: F(5,108) � 26.13, p � 0.0001; AMPH/
LW: F(5,78) � 14.4, p � 0.0001) and a significant interaction
between the TTX condition and holding potential (SAL/EW:
F(5,84) � 20.8, p � 0.0001; SAL/LW: F(5,96) � 12.6, p � 0.0001:;
AMPH/EW: F(5,113) � 19.54, p � 0.0001; AMPH/LW: F(5,78) �
9.96, p � 0.0001). Two-way (SAL/EW vs AMPH/EW and
SAL/LW vs AMPH/LW) ANOVA showed that amphetamine
treatment decreased oscillations at the early but not the late with-
drawal time (early: F(1,113) � 18.0, p � 0.0001; late: F(5,101) � 0.39;
NS). There was a significant main effect of holding potential at
both withdrawal times (early: F(5,108) � 18.0, p � 0.0001; late:
F(5,102) � 46.4, p � 0.0001), and there was a drug group by re-
peated measure (holding potential) interaction only at the early
but not late withdrawal time (early: F(5,108) � 2.31, p � 0.048;
late: F(5,102) � 0.32; NS). The formula for average deviation was
(
�deviations�)/n.

For Figure 3, we used a sigmoidal curve fit equation {base �
max/[1 � exp(1⁄2max � x)/rate)]} to fit the lines for the voltage-
dependent amplification of the near-threshold membrane poten-
tial oscillations for pooled BS and RS neurons (Figs. 3E,F)
(base � 0.08, 0.08; max � 0.42, 0.46; 1⁄2max � �59.1, �55.4;
rate � 3.9, 4.3; for TTX: base � 0.08, 0.08; max � 0.12, 0.10;
1⁄2max � �57.8, �60.4; rate � 6.15, 6.23 for SAL/EW and AMPH/
EW, respectively). For the late withdrawal times, base � 0.08,
0.08; max � 0.63, 0.50; 1⁄2max � �54.53, �55.1; rate � 4.3, 4.3;
for TTX: base � 0.07, 0.06; max � 0.2, 0.2; 1⁄2max 55.0, �55.0;
rate � 6.1, 9.2 for SAL/LW, AMPH/LW, respectively.

For Figure 5, there was a significant reduction in the sEPSP
peak amplification in AMPH/EW compared with SAL/EW (peak:
F(1,27) � 5.32; p � 0.03; integral: F(1,27) � 2.28; p � 0.14); there
was a significant main effect of the holding potential for both the
sEPSP peak and integral (peak: F(3,81) � 47.01; p � 0.0001; inte-
gral: F(3,81) � 35.95; p � 0.0001). There was a marginally signif-
icant drug group by holding potential interaction (peak: F(3,81) �
2.48; p � 0.06). The late withdrawal groups showed no significant
main drug treatment effect for the peak and integral of the sEPSP
(peak: F(1,23) � 0.20; NS; integral: F(1,23) � 0.03; NS). There was a
significant main effect of holding potential (peak: F(3,72) � 55.5;
p � 0.0001; integral: F(3,66) � 44.4; p � 0.0001) and no interac-
tion between the holding potential and drug treatment (peak:
F(3,66) � 0.19; p � NS; integral: F(3,66) � 0.12; p � NS). The
voltage-dependent amplification of the sEPSP in all groups was

fit by a sigmoid as described above (Fig. 3) (for peak: base � 99.5,
98.8, 98.9, 98.6; max � 44.1, 48.1, 58.8, 61.4; 1⁄2max � �65.8,
�64.1, �60.6, �62.3; rate � 2.1, 3.2, 3.8, 3.6; for integral: base �
94.4, 95.9, 97.3, 98.2; max � 214.1, 196.5, 144.0, 194.6; 1⁄2max 64.2,
�65.1, �63.5, �64.0; rate � 3.2, 2.8, 2.8, 2.4 for SAL/EW, SAL/
LW, AMPH/EW, and AMPH/LW, respectively).

For Figure 6, there was a significant correlation between spike
threshold and spike latency for the SAL group RS and BS neurons
that was best fit by a logarithmic regression equation (RS Y �
�54.56 � 1.78�ln(x); R 2 � 0.30; F(1,18) � 8.2; p � 0.009; BS Y �
�54.08 � 1.67�ln(x); R 2 � 0.20; F(1,18) � 4.4; p � 0.05).
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