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Intracellular recordings were made in viwo from 9 giant as- 
piny neurons in the neostriatum of urethane-anesthetized 
rats. The cells were identified by intracellular staining with 
HRP or biocytin. The neurons exhibited morphological fea- 
tures typical of neostriatal cholinergic interneurons. Six of 
the cells were obtained from intact animals, while 3 were 
recorded from rats with ipsilateral hemidecortications. 

Giant aspiny neurons were characterized by their slow 
irregular but tonic (3-l O/set) spontaneous activity and long- 
duration action potentials. Examination of the underlying 
membrane potential trajectories during spontaneous firing 
revealed that individual action potentials were triggered from 
spontaneous small (l-5 mV) depolarizing potentials. These 
spontaneous potentials exhibited the voltage sensitivity of 
ordinary EPSPs. They were much less frequent during the 
80-200 msec pause in tonic afferent input that follows the 
excitation evoked by cortical or thalamic stimulation, and 
were decreased in frequency in decorticate animals. Their 
rise times and half-widths matched those expected for uni- 
tary synaptic potentials placed proximally on the surface of 
the neurons. Low-intensity stimulation of neostriatal affer- 
ents produced small short-latency EPSPs that appeared to 
be composed of responses identical to the spontaneous 
depolarizing potentials. The latencies of the EPSPs evoked 
from the cerebral cortex and thalamus were consistent with 
a monosynaptic input from both structures, but the maximal 
size of the EPSPs was much smaller than that evoked in 
spiny neurons, suggesting that a smaller number of afferent 
inputs make synapses with each of the aspiny cells. 

Giant aspiny neurons exhibited much larger input resis- 
tances and longer time constants than spiny neostriatal neu- 
rons. They also exhibited relatively linear steady-state cur- 
rent-voltage relationship compared to spiny projection cells. 
Input resistances ranged from 71-105 MS, and time con- 
stants ranged from 17.8-28.5 msec. Analysis of the charging 
transients in response to current pulses yielded estimates 
of dendritic length of approximately 1 length constant. Re- 
petitive firing of the neurons was limited by a powerful spike 
afterhyperpolarization and by a strong spike frequency ad- 
aptation. 

The sensitivity of the giant aspiny interneuron to a rela- 
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tively small number of proximal afferent synaptic contacts, 
its tonic firing, and its widespread dendritic and axonal fields 
place it in an excellent position to act as a modulator of the 
excitability of neostriatal projection neurons in advance of 
the onset of movement-related neostriatal activity. 

Between 6 and 9 cell categories have been constructed for the 
neurons of the mammalian neostriatum based on their somato- 
dendritic morphology in sections stained with the Golgi method 
(e.g., Kemp and Powell, 197 1; DiFiglia et al., 1976; Chang et 
al., 1982). In these studies, the main group ofprojection neurons, 
the spiny cells, are viewed as a single category of cells, and the 
remaining cells are all aspiny neurons. Most of the aspiny cells 
are believed to be interneurons, and the differences in the num- 
bers of cell classes described by the various authors are primarily 
in their schemes for dividing up the interneurons. This has been 
a difficult task because, despite their morphological and cyto- 
chemical diversity, the aspiny neurons are relatively rare. They 
account for as little as 5% of the total cell population in rats 
and cats (e.g., Kemp and Powell, 197 1; Graveland and DiFiglia, 
1985). 

An enormous sampling bias against the projection cells would 
be required to obtain a reasonable sample of aspiny cells by 
random sampling. Despite their small size, the neostriatal spiny 
neurons are relatively resistant to damage by microelectrodes, 
so there is no sampling bias against them that would facilitate 
recording from aspiny neurons. In addition, there have been no 
neurophysiological criteria to allow identification of aspiny neu- 
rons during intracellular recordings experiments. Elimination 
of spiny projection neurons after identifying them by antidromic 
activation has not been reliable. For reasons that are not yet 
clear, many spiny projection neurons identified by intracellular 
injection of HRP, and even by following their axons from the 
neostriatum, do not respond antidromically to stimulation of 
substantia nigra or globus pallidus (e.g., Liles, 1974; Fuller et 
al., 1975; Preston et al., 1980; Chang et al., 198 1). It is therefore 
not surprising that there have been no intracellular recording 
studies of the properties of identified neostriatal interneurons. 

Nevertheless, the physiological properties of aspiny neurons 
are of some functional importance. For example, among the 
various types of aspiny neurons is the cholinergic neuron, whose 
activity has long been postulated as the focus of synaptic inter- 
actions responsible for the therapeutic effect of a variety of 
treatments in Parkinson’s disease, Huntington’s disease, tardive 
dyskinesia, and other disorders (e.g., see review by Groves, 1983). 
Recognition of the importance of aspiny cells and of their variety 
in the neostriatum is rapidly increasing as new cytochemical 
markers reveal categories of cells that stain specifically for var- 
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ious other neuroactive substances known to be important in 
brain function. 

Extracellular recordings have the advantage of allowing the 
collection of very large samples, in which even rare cell types 
may be detected. Most neurons in the neostriatum have very 
low firing rates and may be silent for long periods of time. Their 
silence is interrupted by episodal firing that may be associated 
with performance of a learned task (e.g., DeLong, 1973). This 
firing pattern has previously been shown to be typical of the 
spiny projection neurons (Wilson and Groves, 1981). A mi- 
nority of neurons show a tonic firing pattern, characterized by 
average firing rates as high as 10 Hz, with increases and decreases 
in rate that may be temporally related to the presentation of a 
sensory cue used as a signal for the animals to perform a learned 
task (Kimura et al., 1984). The identity of the neurons firing in 
this pattern and their position within the circuitry of the neostri- 
atum are unknown, but they have been presumed to be aspiny 
neurons. 

Over the past 8 years of intracellular recording and staining 
of neostriatal neurons, we have collected a sample oflarge aspiny 
neurons similar enough in their morphological and physiological 
properties to be considered representative of a single cell type. 
These cells appear to correspond to the tonically active neurons 
described by Kimura et al. (1984). These labeled neurons also 
show morphological features identical to those of the large cho- 
line acetyltransferase-containing neurons described in immu- 
nocytochemical studies (Bolam et al., 1984; Phelps et al., 1985; 
DiFiglia, 1987). In this report we describe the spontaneous fir- 
ing, synaptic responses to afferent stimulation, and some of the 
membrane properties of these cells. A detailed description of 
the morphological features of the cells will be reported else- 
where. 

Materials and Methods 
The cells were impaled in the course of intracellular recording experi- 
ments designed for other purposes. These cells were found only very 
occasionally (1 per year on average), and so no experiment was specif- 
ically designed for their analysis. Consequently, they were obtained 
under a variety of conditions. In all cases, the cells were recorded in 
male rats, weighing between 250 and 550 gm and anesthetized with 
Urethane (1.3 gm/kg) supplemented with ketamine (35 mg/kg, i.m., 
every 1 hr) or a combination of ketamine and xylazine (35 mg/kg ke- 
tamine, 6 mg/kg xylazine, i.m., every 1 hr). The animals were fixed in 
a stereotaxic device, and stimulating electrodes were implanted and 
attached to the skull with dental cement. The cerebrospinal fluid was 
drained, and the animal was suspended by a clamp placed on the base 
of the tail. Body temperature was maintained at 36.5 t 1°C. In 2 of the 
9 animals, the ipsilateral cerebral cortex had been removed acutely 
(between 2 and 6 hr earlier) by aspiration. A similar cortical lesion has 
been made 3 d preceding the experiment in another animal. The cortical 
lesions were very large, including the entire rostra1 pole of the cortex, 
and the frontal and parietal cortices lateral to within 1 mm of the rhinal 
sulcus and medial to within 0.5 mm of the midline. The corpus callosum 
was anatomically intact in all 3 cases, and the presence of synaptic 
responses evoked by stimulation of contralateral cerebral cortex stim- 
ulation was verified in 2 of these. 

Stimulating electrodes were placed in the cerebral peduncle at the 
level of the substantia nigra or in the substantia nigra itself (6 rats), the 
ipsilateral cerebral cortex (4 rats), the ipsilateral parafascicular thalamic 
nucleus (6 rats), or the contralateral cerebral cortex (2 rats). Stimulating 
electrodes were pairs of insect pins (00 gauge) insulated except for 0.25 
mm at the tips with epoxylite. Stimuli were single bipolar 0.1 msec 
duration current pulses, 0.0 l-l .O mA in amplitude. 

Intracellular recordings were obtained using glass micropipettes bro- 
ken under microscopic control to have tip diameters less than 0.5 pm. 
They were filled with 4% HRP (Sigma Type VI) in 0.5 M potassium 
methylsulfate and 0.05 M Tris buffer (pH 7.6) or with 2% biocytin in 1 
M potassium acetate (Horikawa and Armstrong, 1988). They had re- 

sistances between 30 and 80 MQ. Cells were labeled by passage of 
positive current pulses, 1 .O-3.0 nA in amplitude and 150 msec in du- 
ration, at a rate of 3/set for 2-20 min. 

After completion of the recording experiment, the brains were fixed 
by intracardial perfusion of an aldehyde fixative and stored in fixative 
overnight. Sections through the region of the injected neurons were cut 
at a thickness of 50 pm on a Vibratome and collected into phosphate 
buffer or buffered saline. Sections containing cells injected with biocytin 
were treated in a solution of avidin-biotin-HRP comnlex (ABC. 1: 100 
dilution, Vector) and 0.25% T&on-X100 in PBS for4 hr.‘All sections 
were reacted with DAB (3’-diaminobenzidine, 0.05%, and hydrogen 
peroxide, 0.03%) for 5-25 min. Sections containing injected neurons 
were identified by microscopic observation in buffer and were treated 
with osmium tetroxide (0.1-l% depending upon whether they were to 
be prepared for electron microscopy), dehydrated, and embedded in 
plastic between glass microscope slides and coverslips. Neurons were 
drawn at 600 x using a 60 x oil-immersion objective (n.a. 1.4) and a 
drawing tube. 

Results 
Identification of neurons 
Nine cells were identified as giant aspiny neurons on the basis 
of their morphological features after intracellular staining with 
HRP (7 cells) or biocytin (2 cells). These represent about 2.6% 
of the sample of approximately 350 neostriatal neurons we 
stained intracellularly over the same time period. On the basis 
of observations on Nissl-stained sections from the same animals 
and from the previous work of others (e.g., Kemp and Powell, 
197 l), cells large enough to belong to the same cell class as these 
neurons account for only l-2% of the total neuron population 
in the rostra1 head of the rat caudate putamen, where the re- 
cordings were made. Thus, there is no sampling bias against 
these cells, and in fact, cells of this type are probably slightly 
overrepresented in intracellular recording experiments, perhaps 
due to their large size. The possibility of a sampling bias in their 
favor is also suggested from the quality of the recordings. In 
general, intracellular recordings from giant aspiny neurons were 
of higher quality and were maintained for longer periods than 
recordings from medium spiny neurons, which made up the 
overwhelming majority of intracellularly stained neostriatal 
neurons. All of the neurons whose responses are reported here 
had membrane potentials in excess of 50 mV and action po- 
tentials in excess of 55 mV when firing spontaneously. All of 
the neurons had action potential amplitudes in excess of their 
membrane potentials (spike overshoot). Four of them were held 
for over 2 hr with no sign of deterioration. 

The morphological features of a representative giant aspiny 
neuron as seen after intracellular staining are shown in Figure 
1. The somata were elongated and generally aligned in the ros- 
trocaudal direction. Measurements of somatic size are difficult 
because the cell bodies cannot easily be differentiated from the 
2-4 large primary dendrites, but the cells ranged in cross-sec- 
tional area from 445 to 586 pm2 (mean, 506 pm2). For com- 
parison, a sample of 6 1 neurons was collected from sections of 
rat neostriatum stained using immunocytochemistry for choline 
acetyl transferase (ChAT), cut in the same plane, treated simi- 
larly as the intracellularly stained neurons, and measured in the 
same way. The cells in this sample ranged from 308 to 700 pm2 
in cross section, with a mean of 446 pm2 and a standard devia- 
tion of 86.2. Thus, the injected neurons in this sample are ap- 
proximately the same size as the cholinergic intemeurons and 
are thus among the largest neurons in the rat neostriatum. The 
intrasomatic placement of the recording electrode in the neuron 
shown in Figure 1 is indicated by the peroxidase-positive eryth- 
rocytes that mark the track of the electrode. 
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Figure 1. A photomicrograph of an 
intracellularly stained giant aspiny neu- 
ron in a coronal section from the rat 
neostriatum. The section is stained with 
osmium tetroxide, which accounts for 
the staining of the capsular fiber bun- 
dles. The site of recording in this neu- 
ron is apparent due to the numerous 
red blood cells, stained darkly because 
of their peroxidase activity, along the 
electrode track. Only a small part of the 
dendritic field is visible in this micro- 
graph. 

The large dendritic trunks branched repeatedly to fill a space 
extending approximately 500 pm in the dorsoventral and me- 
diolateral directions, and 750-1000 pm in the rostrocaudal di- 
rections. This arrangement of dendrites is shown in coronal 
section in the drawing in Figure 2. This dendritic field orien- 
tation in the rostrocaudal direction is probably partly the result 
of the locations of our neurons. All the recordings were made 
in the rostra1 head of the caudate-putamen, where afferent and 
efferent fibers are all aligned rostrocaudally. Thus, the dendritic 
trees of the aspiny neurons may conform to the general orien- 
tation of the tissue in this region of the neostriatum. The distal 
dendrites of the aspiny neurons exhibited numerous fine, short 
side branches, varicosities, and spine-like appendages. Near their 
terminals, many dendrites branched repeatedly to form a com- 
plex terminal thicket, similar to those reported for neurons in 
the substantia nigra (Grofova et al., 1982). The axons of the 
aspiny cells in this sample all arose from a primary dendrite at 
least 20 pm from the soma. In the early part of their trajectories, 
the axons appeared identical to the dendrites from which they 

arose. It was only from observation of the more distal branching 
pattern that their axonal identity could be ascertained. They 
coursed farther between branch points than did the dendrites 
and gave rise to equal-sized daughter branches. The axonal ar- 
borizations of the neurons were very dense and extended over 
a large region of the neostriatum, usually even larger than the 
volume occupied by the dendritic field. 

In intracellular recordings, giant aspiny neurons could be dis- 
tinguished from the more commonly encountered spiny pro- 
jection neurons in 2 ways. One was their tonic spontaneous 
firing, which was especially evident in intact animals. The other 
was the long duration and characteristic shape of their action 
potentials. 

Spontaneousjring pattern 

In contrast to the more common spiny neurons, which were 
generally silent or exhibited phasic activity, all of the giant aspiny 
neurons recorded in intact animals fired tonically in the absence 
of stimulation. The firing of these cells was not periodic or 
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bursty, but was a maintained irregular firing at rates of 3-lo/ 
sec. This firing, as seen in intracellular recordings, is illustrated 
in Figure 3A. Spontaneous action potentials were seen to arise 
from small spontaneous depolarizing potentials, with ampli- 
tudes of 0.5-5.0 mV. These depolarizing potentials likewise 
were irregular in occurrence, and most were subthreshold for 
generation of action potentials. Larger spontaneous potentials 
often arose by summation of the smaller ones, as indicated by 
an inflection in the rising phase of the depolarization, and a 
prolongation of its time course. As the membrane potential of 
the giant cells was never more than 5 mV from the action 
potential threshold, and was more commonly only 1 or 2 mV 

Figure 2. Reconstruction of the entire 
dendritic tree of the cell shown in Fig- 
ure 1. The extent of the dendritic field 
in the mediolateral and dorsoventral 
directions is apparent. Nineteen sec- 
tions, each 50 lrn thick, were required 
for reconstruction of the dendritic field 
in the rostrocaudal direction. The axon 
of this cell had a series of successive 
bifurcations, with resulting branches of 
approximately equal size. All branches 
of the axon became extremely fine after 
only a few such bifurcations. Only the 
first few of the largest axonal branches 
are shown. 

below the value required to trigger a spike, the spontaneous 
depolarizing potentials often could trigger action potentials. This 
too is in contrast with the more common spiny projection neu- 
rons, whose membranes are commonly more than 10 mV from 
threshold in the same preparation. Hyperpolarization of the 
membrane of the giant aspiny neurons by only a few millivolts 
completely suppressed the spontaneous firing, as shown in Fig- 
ure 3B. However, even very large hyperpolarizations (20-30 
mV below the baseline) could not alter the rate of occurrence 
of spontaneous depolarizing potentials. These potentials did 
sometimes become slightly larger during the passage of hyper- 
polarizing currents, however (Fig. 3B). Passage of large depo- 



512 Wilson et al. - Neostriatal Aspiny Neurons 

I 20 ml’ 

20 ms 

Figure 3. Evidence that the spontaneous depolarizing potentials are 
EPSPs. A, Spontaneous depolarizing potentials and action potentials in 
the absence of stimulation in a giant aspiny neuron. B, The same neuron 
during application of 0.5 nA hyperpolarizing current. Action potentials 
are completely suppressed. The incidence of depolarizing potentials is 
unchanged. No amount of hyperpolarization could alter the occurrence 
of spontaneous depolarizing potentials in aspiny cells. Often, the am- 
plitudes of the potentials were increased by hyperpolarization of the 
neuron, as they appear to be in B. C, Dependence of the depolarizing 
potentials on extrinsic afferent activity. Stimulation of the cerebral pe- 
duncle (at arrow) evokes an EPSP in the same neuron shown in A and 
B, followed by a 50-l 50 msec period of reduced incidence of sponta- 
neous depolarizations and a corresponding reduced incidence of spon- 
taneous action potentials. This period corresponds to the inhibitory 
period known to occur in corticostriatal and thalamostriatal neurons 
after stimulation of this kind. 

larizing currents, which led to rhythmic firing in aspiny neurons 
(see below) did not reverse the depolarizing potentials observed 
in intact animals. 

Measurement of the rise times and half-widths of the spon- 
taneous depolarizing potentials was performed for 3 neurons 
from intact animals, in which a large number of these were 
recorded. Rise times and half-widths measured for depolarizing 
potentials that appeared to be simple and isolated did not differ 
for the 3 cells. Rise times varied from 1.7 to 4.7 msec (mean = 
2.7), and half-widths from 4.4 to 17.0 msec (mean = 9.3 msec). 
Normalization for the average time constant for these 3 neurons 

I 10mV 

40 ms 

Figure 4. Spike waveform in the giant aspiny interneuron. Five spon- 
taneously occurring action potentials are superimposed. This cell was 
recorded from an animal with acute decortication, accounting for the 
relatively low incidence of spontaneous depolarizing potentials. The 
neuron was firing irregularly at a mean rate of about 2/set, with action 
potentials arising from the few depolarizing potentials that remained. 
A membrane hyperpolarization lasting SO-120 msec is observed to 
follow every action potential. Although only about 2 mV in amplitude, 
this hyperpolarization was sufficient to prevent spontaneous action po- 
tentials at intervals less than 50 msec. The baseline membrane potential 
(-63 mV) is indicated by the dashed line. The threshold for action 
potentials was 1.8 mV above the baseline. 

(19 msec) yielded a mean rise time of 0.14 and a mean half- 
width of 0.49. Comparison with the published theoretical find- 
ings on passive neuron models and with EPSPs of known lo- 
cation on motor neurons and rubrospinal neurons (e.g., Rall et 
al., 1967; Murakami et al., 1977) suggests that ifthe spontaneous 
depolarizations were synaptic in origin, they must be located 
very proximally. 

Several observations suggested that the spontaneous depo- 
larizing potentials were synaptic in origin. First, the frequency 
of the spontaneous potentials and the rate of spontaneous firing 
of the neurons were much lower in the cells recorded in animals 
with acute cortical lesions. Such lesions are known to remove 
a tonic excitatory influence on the neostriatal spiny neurons 
(Wilson et al., 1983b). Second, a decrease in the occurrence of 
spontaneous depolarizing potentials was seen to coincide with 
the phasic pause in neostriatal afferent synaptic activity that is 
known to follow stimulation of cerebral cortex, thalamus, or 
cerebral peduncle. This is illustrated in Figure 3C. The initial 
effect of stimulation of the cerebral peduncle is seen in that 
figure to be a short-lasting EPSP which triggers a single action 
potential. For a period of SO-100 msec thereafter, the rate of 
occurrence of spontaneous depolarizing potentials is decreased 
nearly to zero. Subsequently, these potentials, and action po- 
tentials, occur at an accelerated rate for a period of 20-50 msec. 
This sequence, observed in all of the cells recorded in intact 
rats, corresponds in time to the sequence of long-lasting hyper- 
polarization and rebound depolarization that occur in spiny 
neostriatal neurons following this same stimulation. Those re- 
sponses of the spiny neuron have been shown to be due to a 
period of decreased afferent synaptic activity followed by an 
increased synaptic bombardment from afferent fibers in the ce- 
rebral cortex and thalamus (Wilson et al., 1983b). In spiny neu- 
rons, as well as in the giant aspiny cells, these late components 
of the response to synchronous cortical or thalamic afferent 
activity are absent after acute decortication. 
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Action potential shape 
The duration of action potentials of giant aspiny neurons ranged 
from 1.7 to 4.0 msec (measured at the base) and were usually 
longer than 2.0 msec in duration. This is substantially longer 
than the 1.0-2.0 msec duration of action potentials of spiny 
neurons recorded in the same animals. The broader action po- 
tentials were not an artifact of depolarization due to damage 
done by the microelectrode, because they were not substantially 
altered when the cells were artificially hyperpolarized and action 
potentials were elicited using brief depolarizing pulses. In ad- 
dition to their long durations, the action potentials of the giant 
cells had a characteristic waveform that distinguished them from 
the spiny cells. The shape difference was so pronounced that it 
was used to correctly predict the identity of all but the first 
neuron in the sample. The action potential had a very fast rising 
phase, and a gradual decay but without any marked shoulder 
or inflection. These action potential features are most clearly 
seen in the example in Figure 4, which shows 5 superimposed 
spontaneous action potentials. The data shown in Figure 4 were 
taken from an animal with a unilateral acute decortication, so 
the rate of occurrence of spontaneous depolarizing potentials 
was very low, and the neuron was firing irregularly at a low rate 
(<2/set). Each of the action potentials shown in Figure 4 arose 
from a small spontaneous depolarizing potential. The baseline 
membrane potential (- 63.5 mV) was only 1.8 mV from action 
potential threshold. The action potentials were followed by a 
shallow afterhyperpolarization, about 2 mV in amplitude at its 
maximum and lasting 80-l 00 msec. In the more active neurons 
observed in intact rats, the afterhyperpolarization was usually 
obscured by spontaneous depolarizing potentials (e.g., Fig. 3A). 

Synaptic potentials 
Stimulation of the ipsi- or contralateral frontal cerebral cortex, 
intralaminar thalamic nuclei, and cerebral peduncle evoked 

Figure 5. Convergence of afferent ac- 
tivity onto giant aspiny interneurons. 
Upper traces in all cases care AC-cou- 
pled, high-gain records. Lower traces are 
lower-gain DC recordings. A and B, 
EPSP evoked by stimulation ofthe con- 
tralateral cerebral cortex. The EPSP 
alone is seen in A, as observed with just- 
subthreshold stimulation (at arrow). C 
and D, EPSPs and action potentials 
evoked in the same neuron by stimu- 
lation of the thalamus. EPSP latencies 
in both cases match the monosynaptic 
EPSP latencies of the spiny neurons. 

short-latency EPSPs in giant aspiny neurons. From our small 
sample of giant neurons it is not possible to make a quantitative 
comparison of EPSP latencies in aspiny and spiny neurons. 
However, the latencies of the responses of the cells in our sample 
were within the previously reported ranges of latencies of spiny 
neuron responses to the same inputs (Wilson et al., 1982, 1983a; 
Wilson, 1986). This suggests that, like the spiny cells, the giant 
aspiny neurons may receive monosynaptic connections from all 
of the major afferent pathways that converge in the neostriatum. 
Examples of maximal amplitude EPSPs recorded in a giant 
aspiny neuron are shown in Figure 5. EPSPs recorded in giant 
cells were much smaller in amplitude and simpler in time course 
than those observed in spiny neurons with the same stimulation. 
They were especially lacking in the complex late components 
that are typical of the response of neostriatal spiny neurons. 

Maximal EPSP amplitudes were often less than 5 mV, and 
the range of stimulus intensities separating just detectable and 
maximal EPSPs was much smaller than seen in other neostriatal 
neurons. In the spiny neurons, EPSP amplitude continues to 
increase over a broad range of stimulus intensities, and the 
maximal response is often achieved only with stimuli lo-20 
times threshold. In contrast, maximal stimulation of the giant 
cells was never more than 3-4 times the threshold for evoking 
the response. Stimulation near EPSP threshold often revealed 
a great deal of variability in the size, shape, and latency of the 
EPSP. This is illustrated in the example in Figure 6, A-E. Figure 
6A shows the spontaneous activity of this neuron, which was 
recorded in an intact rat. The response to thalamic stimulation 
is shown at low and high gain in Figure 6B. The maximal EPSP 
had an amplitude comparable to that of the largest of the spon- 
taneous depolarizing potentials. The latter are most clearly seen 
in the high-gain trace. Six consecutive responses to a stimulus 
near threshold for the EPSP are shown in Figure 6, C-E. The 
stimulus intensity was constant and the stimulus repetition rate 
was l/set. The 2 trials shown in C were first in the series, 
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Figure 6. Spontaneous depolarizations and minimal evoked responses in a giant aspiny interneuron. A, Firing in the absence of a stimulus. 
Numerous small depolarizing potentials are seen to occur in an irregular pattern. Most of them are subthreshold for action potentials, but some 
trigger spikes. B, The same neuron, but responding to an electrical stimulus applied to the thalamic stimulating site. A single action potential arises 
from an EPSP. The EPSP amplitude (approximately 2 mV) is sliahtlv lamer than that of the suontaneous depolarizing ootentials. Uuver truce is __ 
DC-coupled, at the same gain as A; lower trace is AC-coupled,-and m&h higher gain to show the shape-of the EPSP and the spontaneous 
depolarizations. C-E, The EPSP evoked by stimulation near threshold for the response appears to be made up of small, all-or-none depolarizing 
potentials similar to those observed spontaneously. Six successive sweeps, arranged in groups of 2, are shown at high gain to illustrate the response 
to a stimulus applied to the cerebral peduncle. On one trial (in D), there is no response to the stimulus at all. In C and D, the response consists of 
depolarizing potentials similar to the ones occurring spontaneously. They differ from each other in amplitude and latency but have similar time 
courses. In the last 2 traces, shown in E, the responses are nearly identical. 

followed by the 2 shown in D, and finally the 2 trials shown in 
E. On one stimulus presentation shown in D, there was no 
response at all, while EPSPs evoked on the other 5 trials varied 
in amplitude and latency but had similar time courses. They 
also resembled the spontaneous depolarizing events, and an 
analysis of their rise times and half-widths yielded identical 
values to those obtained for spontaneous depolarizing potentials 
recorded in the same neurons (see above). It might be argued 
that the stimulus had no effect and that the responses shown in 
Figure 6, C-E, were simply the chance occurrence of the spon- 
taneous depolarizing responses. However, responses to lower 
stimulus intensities in the same neurons show much lower fre- 
quency of occurrence of depolarizing potentials. Furthermore, 
increasing the stimulus intensity beyond that used in these trials 
produced even more reliable responses, and finally larger and 
longer-lasting responses such as the one shown in Figure 6B. 
Thus, the effect of increased stimulus intensity near threshold 
for the EPSP is best described as increasing the probability of 
occurrence of depolarizing potentials indistinguishable from 
those that occur spontaneously. The larger EPSPs that occur 
with larger stimuli may result from the summation of several 
of the smaller depolarizing potentials occurring simultaneously. 

Responses to intracellularly applied current pulses 

Input resistances were determined using hyperpolarizing pulses 
because of the low firing threshold of the aspiny neurons, which 
caused the cells to fire action potentials in response to even 
small depolarizations. Input resistance measurements were 
available in 6 cells and ranged from 60 to 105 MO. This is much 
greater than observed in spiny neurons in the same animals, 
which ranged from approximately 20 to 45 MO. In addition, 
the aspiny cells showed much more linear steady-state responses 
to hyperpolarizing current than is typical for neostriatal spiny 
neurons. 

Analysis of the repetitive firing of giant aspiny neurons in 
response to current pulses and of their transient responses to 
intracellular current pulses was completed in 4 cells, 2 of which 
were recorded in animals with acute decortication. The analysis 
was much easier in the cells recorded in decorticate animals 
because responses were not confounded by a high rate of spon- 
taneous firing, but the results were essentially identical in the 4 
cells. An example showing the repetitive firing of one of the 
cells is shown in Figure 7. In Figure 7, A-C, firing in response 
to stimulus pulses ranging from 0.1 to 1 .O nA are shown. Spike 
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Figure 7. Repetitive firing character- 
istics of a giant aspiny interneuron. A- 
C, Responses of a neuron to constant- 
current pulses of 3 different amplitudes. 
D, Frequency-intensity relation for the 
full series of nulses. some of which are 

(/r q :  
shown in A-? Frequencies calculated 
from the first (open squares) and second 

* 
0.2 0.4 0.6 0.8 1.0 1s 1.4 

(filled squares) intervals are plotted to 

I(pA) 
show the spike frequency adaptation, 
which is present at all firing rates. E, 
Response of the same neuron to a 0.3 
nA depolarizing current pulse after the 
cell was injected with HRP by passage 

afterhyperpolarization was much more pronounced when su- 
perimposed upon the depolarizing current pulses but had a du- 
ration similar to that seen with spontaneous action potentials 
(cf Fig. 4) and rhythmic firing began at interspike intervals of 
80-100 msec, corresponding to the duration of the spike after- 
hyperpolarization (Fig. 7A). Spike frequency, measured as the 
inverse of the first interspike interval, increased linearly over 
the range that could be examined, as shown in Figure 70. Unlike 
neostriatal spiny neurons, which show very little spike frequency 
adaptation under these circumstances, giant aspiny neurons ex- 
hibited a pronounced spike frequency adaptation, which can be 
seen in the comparison of frequencies calculated from the first 
and second interspike intervals in Figure 70. These properties 
were shared by all 4 neurons. 

In 2 of the cells examined in detail, and in several others in 
which repetitive firing was not analyzed, injection of HRP was 
followed by a change in the firing of the cells. After injection of 
HRP, these cells exhibited a broadening of action potentials, a 
reduction in spike afterhyperpolarization, an increase in the rate 
of spontaneous activity, and the occurrence of partial action 
potentials. An example of this is shown in Figure 7E for the 
same neuron whose responses are shown in the rest of Figure 
7. Partial action potentials, but still distinctly all-or-none, oc- 
curred at very short intervals, and sometimes were visible as 
initial components of the full action potentials (Fig. 7&J. The 
amplitude of the full action potentials was not affected, but their 
duration was greatly increased, and the firing rate, as counted 
by the occurrence of the full spikes, was also greatly increased. 

of positive current pulses for 10 min. 
The spike afterhyperpolarization is 
gone, and small action potentials are 
intercalated between the full spikes (the 
latter of which continue to fire at about 
the normal rate). In this condition, spike 
repolarization was also slowed, and the 
membrane potential response to the 
onset of the pulse was more rapid. The 
amplitude of the action potential and 
the input resistance of the cell were not 
very different from the response ob- 
served before intracellular injection. 

The input resistance of the neurons was not greatly altered (the 
current pulse in Fig. 7E was the same as that in Fig. 7C), but 
the membrane potential transient response had a much steeper 
onset (compare Fig. 7, C and E). These effects of intracellular 
injection of HRP (and presumably Tris and potassium ions as 
well) lasted l-10 mitt, after which the firing of the neurons 
returned to their preinjection state. 

Responses to step currents were analyzed in 4 neurons using 
the method described by Rall (1969). As before, 2 of these 
neurons were from animals subjected to acute decortication. An 
example showing a typical result is shown in Figure 8. The 
transient used for the analysis shown is in the inset at the upper 
right. In the lower graph, the transient is shown after normal- 
ization for size and resting membrane potential. The log of the 
normalized transient is plotted as a function of time. This is 
equivalent to plotting the log of the derivative of the transient 
if the measurement of the steady-state membrane potential is 
accurate (Rall, 1969) but it is less sensitive to noise. This meth- 
od has been used previously with striatal neurons by Kita et al. 
(1984). The membrane time constant, estimated from the slope 
of the late linear portion of the transient in Figure 8, was 18.6 
msec. A second exponential process, with a time constant of 
2.6 msec could also be extracted from this transient. Both offset 
and onset transients were analyzed for each neuron, and at least 
4 transients from each neuron were analyzed. Onset and offset 
transients for hyperpolarizing current pulses less than 0.5 nA 
superimposed exactly for all cells. With current pulses in this 
range, the input resistances and time constants of the neurons 
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Figure 8. Analysis of time constants 
of a giant aspiny neuron from the tran- 
sient response to a hyperpolarizing cur- 
rent step. The transient is shown in the 
inset at the upper right. The upper trace 
is the membrane potential transient, and 
the lower trace shows the current step. 
The amplitude of the current was 0.2 
nA. The input resistance of this neuron 
was 97 MCI as measured from this pulse 
(at 100 msec after onset). The same 
transient is plotted below as the log of 
the proportional deviation of the mem- 
brane potential from its final value 
(again measured 100 msec after onset). 
The membrane time constant was de- 
termined as the slope of the regression 
line through the late linear component 
of the transient (line labeled 70 = 18.6 
msec). Deviations from this line were 
again plotted on the same coordinates, 
and a regression line calculated for the 
later linear portion of this data set (line 
labeled 71 = 2.6 msec). This was taken 
to be the first equalizing time constant. 
Higher-order exponential components 
of the response were not extracted. 

10.0 mV 

Time (ms) 

did not change systematically with the size of the current pulse 
used to measure them. For example, in the neuron shown in 
Figure 8, the input resistance obtained with the transient shown 
was 97 MO, and the time constant 18.6 msec. Analysis of the 
response to a 0.4 nA pulse yielded an input resistance of 100 
Ma and a time constant of 21.5, while the response to a 0.3 nA 
pulse gave an input resistance of 9 1 MO and a membrane time 
constant of 17.8 msec. The 2 exponential components extracted 
from the transient shown in Figure 8, and others from this 
neuron, satisfied the constraint described by Kawato (1984) 
that E,IE, < 2*(7,/r,), where E, and E, are the coefficients, and 
7, and 70 are the time constants of the first 2 exponential pro- 
cesses. Transients satisfying this constraint may be analyzed 
using the methods developed for equivalent cylinder models of 
neurons to yield estimates of the dendritic length and dendritic 
dominance ratio. That analysis was performed as described by 
Kawato (1984) for the neuron in Figure 8, and it yielded an 
estimate of 1.2 length constants for the dendritic length and a 
dendritic dominance of 11 .O. 

Time constants for the other neurons analyzed in this way 
were 25.2, 22.8, and 11.0. None of these cells met Kawato’s 
criterion for analysis using an equivalent cylinder model. They 
yielded electrotonic lengths of 1.5, 1.4, and 1.1 length constants 
when calculated using the simpler procedure of Rall (1969), 
which is valid when the dendritic dominance is large. The tran- 
sients could also be fit using a model with nonuniform mem- 
brane resistance. When analyzed using Kawato’s somatic shunt 
model, the results from these cells again indicated dendritic 
lengths between 1 .O and 1.5, but the estimate for dendritic dom- 
inance was lower, being less than 2 for one cell and between 2 
and 4 for the others, with somatic resistivity between 3 and 4 
times less than that of the dendrites (the wide tolerances are 
due to the sensitivity of the measured coefficients to noise and 

of the resulting variation among traces taken from the same 
cell). The somatic shunt conductance measured in this way was 
greater for the cells recorded in the intact animal. The cell fitting 
the uniform resistivity model and shown in Figure 8 was re- 
corded in an acutely decorticate rat. 

Discussion 
Identity of the cells 
In some especially simple views of neostriatal architecture, the 
cells are divided into only 2 categories, large cells and small 
cells. The variety of morphological features seen in Golgi-stained 
neostriatal cells has always argued against this simple scheme, 
but recent advances in the identification of cell classes in the 
neostriatum using immunocytochemical techniques have made 
it untenable. Although most medium-sized neurons are spiny 
projection neurons, medium-sized intemeurons of a variety of 
types can be demonstrated by staining designed to localize so- 
matostatin, GABA, neuropeptide Y, and a variety of other 
markers (e.g., see review by Gerfen, 1988). Likewise, there are 
several different kinds of large neurons. Probably the largest 
cells are those that contain choline acetyltransferase (e.g., Bolam 
et al., 1984; Phelps et al., 1985). However, there are other cells 
with large somata which are not positive for ChAT. One class 
of these cells is a projection neuron with morphological features 
similar to globus pallidus cells (Bolam et al., 1981). Another 
consists of the larger instances of the class of GABAergic inter- 
neuron that contains the calcium-buffering protein parvalbumin 
(Cowan et al., 1987). 

The cells described in this study had somata that placed them 
at the extreme upper end of the somatic size spectrum in the 
rat neostriatum. Their somatic sizes and somatodendritic mor- 
phology matched that of neostriatal cholinergic neurons. In ad- 
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dition, we have examined the cytological features, distribution 
of synapses on the cell surfaces, and the morphology and syn- 
aptic targets of these cells, and observed that they show exactly 
the features reported previously for ChAT-containing neurons 
in the neostriatum (these results will be published in detail else- 
where). While these observations do not rule out the possibility 
of an unknown interneuron type with morphological features 
identical to the cholinergic interneuron, it is most likely that 
the cells reported here are neostriatal cholinergic neurons. 

The spontaneous firing patterns of these neurons are almost 
identical to those of the tonically firing neurons in the neostri- 
atum of awake monkeys as described by Kimura et al. (1984). 
Since tonically firing neurons represent a small proportion of 
all cells recorded in behaving animals, it has been speculated 
that these cells correspond to cholinergic interneurons (Kimura 
et al., 1984). While the diversity of neostriatal aspiny neurons 
may cast suspicion on such a speculation, the results presented 
here support the view that large, almost certainly cholinergic, 
interneurons do fire tonically in the fashion described in extra- 
cellular recording studies. On the other hand, the proportion of 
tonically active neurons recorded in behaving animals is much 
larger than the proportion of cholinergic interneurons in the 
same animal (4 1% of the sample reported by Kimura, 1986). It 
is therefore likely that there are also noncholinergic tonically 
firing neurons yet to be demonstrated. 

Aferent input 
In behaving monkeys, tonically firing neostriatal neurons re- 
spond differently from the majority of neurons during perfor- 
mance of a learned motor task. Whereas most neurons fire in a 
burst of action potentials time-locked to the onset of the move- 
ment, the tonically firing neurons are activated (or inhibited) 
by presentation of the sensory stimulus that acts as a signal to 
the animal that he should begin the movement (Kimura, 1986). 
It seems likely, therefore, that these neurons receive different 
afferent information than the spiny cells, as well as being dif- 
ferent in the way that they process the information they do 
receive. The intracellular recording experiments here do not 
provide a direct demonstration of any such difference. The la- 
tency of EPSPs evoked in giant interneurons by stimulation of 
cerebral cortex, cerebral peduncle, or thalamus were well within 
the range observed in recordings of spiny neurons made in the 
same animals (Wilson et al., 1982, 1983a, b; Wilson, 1986). 

There are reasons to suspect some differences, however. The 
large size of the dendritic field of the giant aspiny interneuron 
brings the cell into potential contact with many more cortical 
axons than possible for spiny neurons. Despite this, the giant 
aspiny cells appear to receive input from fewer cortical axons 
than the spiny cells. There are several observations that point 
to this conclusion. Firstly, responses to cortical inputs were 
neither as large nor as reliably observed in giant interneurons. 
In two of the neurons reported here, there was no response to 
the cortical stimulation sites available in the experiment. In 
these same animals, all spiny neurons, including some recorded 
very near the giant cells, showed large and reliable responses to 
the same cortical stimuli. In both of these aspiny cells, an EPSP 
was observed in response to stimulation of the cerebral pedun- 
cle, suggesting that they received cortical inputs from some re- 
gion of the cortex other than those areas stimulated. None of 
the EPSPs to afferent stimulation were as large as those routinely 
observed in spiny neuron. Bishop et al. (1982), reporting on one 
large interneuron, interpreted the lack of a response in that cell 

as suggesting that cortical inputs did not impinge on giant cells 
at all. 

A second reason for suspecting that cortical inputs to giant 
cells involve fewer axons than those going to projection neurons 
comes from the appearance ofthe EPSPs themselves. Even EPSPs 
near maximal for these responses appear to be made up of 
discrete elemental responses that are identical in shape and size 
to spontaneously occurring synaptic potentials. These elemental 
units have the appearance of unitary synaptic potentials. The 
maximal evoked response is made up of only a few (l-l 0) of 
these smaller EPSPs. The large size and rapid time course of 
these responses suggest that they may arise from synapses lo- 
cated on the soma or the most proximal portions of the den- 
drites. If they are unitary synaptic potentials from proximal 
synapses, then the maximal cortical input in the giant intemeu- 
rons arises from activation of only a few cortical axons, many 
fewer than could be accounted for by a possible difference in 
the receptive surface areas of spiny and aspiny neurons. If, as 
reasoned above, the cortical input to giant aspiny neurons arises 
from only a very small subset of corticostriatal axons, it is very 
likely that these axons represent a special group or cortical ef- 
ferents with special properties, and which could account for the 
unique responses of the giant interneurons to sensory cues dur- 
ing behavioral experiments. 

Integrative properties 

The differences in evoked afferent EPSPs in the spiny neurons 
and giant aspiny interneurons also suggest essential differences 
in the way these neurons process synaptic input. Spiny neurons 
receive many convergent excitatory synaptic connections from 
widespread regions of the cerebral cortex, thalamus and other 
areas of the brain. The effects of individual synaptic events are 
usually not strong enough to allow their identification in ordi- 
nary intracellular recording experiments. Correlated activity in 
many inputs is very important in determining the firing of spiny 
neurons, as indicated by their late responses to afferent stimu- 
lation (Wilson et al., 1983b). These later response components 
are much less visible in the responses of giant aspiny cells. 

Spiny neurons have resting potentials far from the action 
potential threshold, at least in immobile animals, and action 
potentials in these cells arise from large synaptic potentials that 
are due to combined action of many synaptic potentials (Wilson 
and Groves, 198 1). In contrast, some individual excitatory syn- 
aptic events are much more powerful in giant aspiny neurons, 
and appear as spontaneous, easily recorded depolarizations. The 
aspiny neurons’ membrane potentials are normally within a few 
millivolts of the spike threshold, so that these unitary synaptic 
potentials may individually trigger action potentials. Thus the 
giant aspiny neuron is very sensitive to a few cortical and tha- 
lamic axons, while the spiny neurons around it are sampling 
from a much larger population of axons and are relatively in- 
sensitive to activity in each one. 

The sensitivity of the aspiny neurons to individual synaptic 
inputs suggests that these inputs are placed in an electrotonically 
proximal region of the dendritic tree. Measurement of the elec- 
trotonic length of the dendrites using current pulses indicated 
that these cells do not have an especially compact dendritic 
field. This measurement is made using the somatic to dendritic 
transfer of charge, and so is not very reliable for the prediction 
of the effective electrotonic distance for synaptic potentials 
transferring charge in the opposite direction (e.g., Wilson, 1988). 
However, asymmetry of electrotonic distance for signals prop- 
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agating in opposite directions in the dendritic field is usually 
associated with voltage sensitive conductances in the dendrites. 
There is no indication that such conductances are contributing 
greatly to the propagation of synaptic potentials in the giant 
aspiny neurons. Large depolarizations or hyperpolarizations of 
the somatic membrane by applied current affected the sizes of 
the spontaneous and evoked depolarizing potentials in the way 
expected for simple synaptic potentials. The somata of the giant 
aspiny neuron exhibited little nonlinear behavior, at least in 
comparison to the spiny neuron. This interpretation is also sup- 
ported by our analysis of the shapes of the spontaneous depo- 
larizations, which suggest that they have a very proximal, per- 
haps somatic, placement on the neurons. Thus it is most likely 
that the spontaneous depolarizations, and the excitatory syn- 
aptic potentials observed in these neurons, are produced by 
synaptic contacts on the somata or proximal parts of the den- 
dritic trees of the cells. These findings are consistent with the 
observation that asymmetrical afferent-type synaptic contacts 
are present on proximal parts of cholinergic interneurons (e.g., 
Phelps et al., 1985). 

The long time constant, high input resistance, and the place- 
ment of the action potential threshold so close to the baseline 
membrane potential of the giant aspiny neurons also make them 
sensitive to excitatory synaptic inputs with proximal locations. 

Repetitivejring 
Although tonically active, giant aspiny neurons in the neostria- 
turn have not been observed to fire rhythmically under ordinary 
conditions. The reason for this is apparent upon examination 
of the membrane potential trajectory of the neurons during their 
spontaneous activity. The firing of the neurons is patterned by 
the occurrence of spontaneous depolarizing potentials, rather 
than by pacemaker potentials whose cyclic generation is reset 
by the action potential generation. For the cells to fire rhythmi- 
cally, either the spontaneous potentials would have to become 
rhythmic, or the cell would have to be depolarized so that its 
firing was determined by spike afterhyperpolarization (as hap- 
pens during rhythmic firing in response to long artificially ap- 
plied current pulses). Still, spike afterhyperpolarization appar- 
ently acts to limit the firing rate that can be maintained by the 
cells in response to their normal inputs. In the cells studied here, 
the majority of spontaneous depolarizing potentials were 
subthreshold for spike generation, with only a small proportion, 
usually a combination of more than one smaller depolarization 
attaining threshold for action potential generation. During the 
80-100 msec period of afterhyperpolarization that follows a 
spike, spontaneous depolarizations are even less likely to fire 
action potentials. Thus under most conditions, the spike after- 
hyperpolarization is sufficient to limit firing of the aspiny neu- 
rons to rates of 16/set or less. Maintained firing at these rates 
will engage another limiting factor, the spike frequency adap- 
tation that was consistently seen in these cells during repetitive 
firing. 

The mechanisms of these two firing rate limiting factors may 
be related, since they were both reversibly deactivated by the 
prolonged depolarizing current pulses used for injection of HRP. 
Two additional effects of these currents were (1) an increase in 
the duration of action potentials, and (2) an increase in linearity 
of the transient response to depolarizing current pulses resulting 
in an increase in the apparent time constant of the initial part 
of the charging curve. All of these effects disappeared a few 
minutes after injection of HRP was discontinued. Because of 

their short duration the effects of intracellular injection are more 
likely to be due to potassium loading rather than loading with 
HRP. It is possible that the potassium concentration was re- 
stored in a few minutes, but the HRP remained in the cytoplasm 
of the cells for several hours, as indicated by intracellular stain- 
ing. 

Efects on neostriatal output 

The effect exerted by the giant aspiny intemeurons on the spiny 
projection cells of the neostriatum is unknown. Studies of the 
effects of acetylcholine on spiny neurons have suggested a pos- 
sible fast nicotinic excitation, and also a muscarinic response 
that results in a decreased sensitivity to excitatory synaptic ac- 
tivation (e.g., Dodt and Misgeld, 1986; Akaike et al., 1988). In 
addition, however, there are reports of modulatory effects of 
muscarinic agonists, both on the duration of calcium-dependent 
plateau potentials and, at higher doses, on input resistance (e.g., 
Misgeld et al., 1986). Because the giant cells are tonically active, 
they are in a position to maintain a relatively constant level of 
cholinergic input to the spiny cells, and so are in a position to 
act as continuous modulators of the excitability of the output 
cells. Their greater sensitivity to the few corticostriatal inputs 
they receive may underly their responses to sensory stimuli 
associated with the timing of voluntary movements (Kimura, 
1986) and results in changes in their firing prior to those of the 
spiny neurons during the initiation of movement. This may 
serve to prepare the projection neurons for the afferent input 
barrage that is more directly related to the movement itself, and 
so create a sensory-motor preparatory set within the circuitry 
of the neostriatum. 
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