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We have studied vertical synaptic pathways in two cytoar- 
chitectonically distinct areas of rat neocortex-the granular 
primary somatosensory (SI) area and the agranular primary 
motor (Ml) area-and tested their propensity to generate 
long-term potentiation (LTP), long-term depression (LTD), 
and related forms of synaptic plasticity. Extracellular and 
intracellular responses were recorded in layer ll/lll of slices 
in vitro while stimulating in middle cortical layers (in or 
around layer IV). Under control conditions, 5 Hz theta-burst 
stimulation produced LTP in the granular area, but not in 
the agranular area. Agranular cortex did generate short- 
term potentiation that decayed within 20 min. Varying the 
inter-burst frequency from 2 Hz to 10 Hz reliably yielded 
LTP of 21-34% above control levels in granular cortex, but 
no lasting changes were induced in agranular cortex. How- 
ever, the agranular cortex was capable of generating LTP 
if a GABA, receptor antagonist was applied locally at the 
recording site during the induction phase. In contrast to 
LTP, an identical form of homosynaptic LTD could be in- 
duced in both granular and agranular areas by applying 
low frequency stimulation (1 Hz for 15 min) to the middle 
layers. Under control conditions, both LTP and LTD were 
synapse-specific; theta-burst or low-frequency stimulation 
in the vertical pathway did not induce changes in re- 
sponses to stimulation of a layer ll/lll horizontal pathway. 

Application of the NMDA receptor antagonist o-2-amino- 
5-phosphonovaleric acid (AP5) blocked the induction of 
both LTP and LTD in granular and agranular cortex. In the 
presence of AP5, low-frequency conditioning stimuli yield- 
ed a short-term depression in both areas that decayed 
within 10-15 min. Nifedipine, which blocks L-type, voltage- 
sensitive calcium channels, slightly depressed the magni- 
tudes of LTP and LTD but did not abolish them. 

Synaptic responses evoked during theta-burst stimula- 
tion were strikingly different in granular and agranular ar- 
eas. Responses in granular cortex were progressively fa- 
cilitated during each sequence of 10 theta-bursts, and from 
sequence-to-sequence; in contrast, responses in agranular 
cortex were stable during an entire theta-burst tetanus. 

The results suggest that vertical pathways in primary so- 
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matosensory cortex and primary motor cortex express sev- 
eral forms of synaptic plasticity. They were equally capable 
of generating LTD, but the pathways in somatosensory cor- 
tex much more reliably generated LTP, unless inhibition 
was reduced. LTP may be more easily produced in sensory 
cortex because of the pronounced synaptic facilitation that 
occurs there during repetitive stimulation of the induction 
phase. In addition, both cortical areas generated short-term 
potentiation and short-term depression under certain con- 
ditions. Thus, the ability to generate short- and long-term 
forms of synaptic plasticity may vary in similar synaptic 
pathways of different neocortical areas. 

[Key words: long-term pofenfiafion, short-term potentia- 
tion, facilitation, long-term depression, NMDA receptors, 
nifedipine, sensorimotor cortex] 

Many forms of synaptic plasticity have been observed in the 
cerebral cortex. The phenomena and mechanisms of plasticity 
have been intensively studied in the hippocampus (Madison et 
al., 1991; Bliss and Collingridge, 1993; Malenka and Nicoll, 
1993; Bear and Malenka, 1994; Debanne and Thompson, 1994), 
and they include paired-pulse facilitation (lasting less than one 
set), short-term potentiation (STP, 5-20 min), long-term poten- 
tiation (LTP, hours or more) and long-term depression (LTD, 
hours). Some of these phenomena have also been observed in 
neocortex; for example, both the CA1 area of hippocampus and 
the primary visual neocortex can generate long-term potentiation 
(LTP) or long-term depression (LTD) in response to similar in- 
duction stimuli (Kirkwood et al., 1993). However, the growing 
literature on neocortical plasticity reports variable, often contra- 
dictory results (reviewed by Artola and Singer, 1993; Bear and 
Kirkwood, 1993). In part this is because studies have employed 
a wide range of cortical areas, axonal pathways, postsynaptic 
neurons, developmental ages, species, and experimental condi- 
tions. No single study has examined the plasticity of homolo- 
gous pathways in two neocortical areas under similar conditions. 
Studies of hippocampus suggest that region-specific plasticity 
may be common: LTP in the Schaeffer collateral-CA1 pathway 
has properties and mechanisms entirely distinct from LTP of the 
mossy fiber-CA3 pathway (Williams and Johnston, 1989; Zal- 
utsky and Nicoll, 1993). 

Neocortical LTP and LTD have been studied most frequently 
in the primary visual area (Lee, 1982; Artola and Singer, 1987; 
Aroniadou and Teyler, 1991; Komatsu et al., 1991; Bear et al., 
1992; Hirsch and Gilbert, 1993; Kirkwood and Bear, 1994a,b). 
LTP has also been observed in the primary somatosensory cor- 
tex (Lee et al., 1991), the primary motor cortex (Baranyi and 
Szente, 1987; Baranyi et al., 1991; Iriki et al., 1991; Hess and 
Donoghue, 1994), and undefined frontal regions of rat neocortex 
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(Bindman et al., 1988; Sutor and Hablitz, 1989); however, LTD 
has not yet been reported for any of these areas. Studies of 
neocortical LTP have used a wide variety of stimulus protocols, 
pathways and conditions, sometimes including a reduction of 
GABA, receptor-mediated inhibition. Recently Kirkwood and 
Bear (1994a,b) introduced reliable, drug-free induction protocols 
for homosynaptic LTP an LTD in rat visual cortex. In each case, 
conditioning stimuli are applied to layer IV while recording in 
layer III. LTP is induced by several sets of theta-burst stimula- 
tion; LTD is induced by relatively low frequency (l-2 Hz) stim- 
ulation for 15 min. These forms of LTP and LTD closely resem- 
ble those of the Schaffer collateral-CA1 pathway in hippocam- 
pus. Both are dependent upon activation of NMDA receptors, 
and presumably both require an increase of internal postsynaptic 
[Ca*+] (Bear and Malenka, 1994). 

In the present study we compared activity-dependent synaptic 
modification in vertical pathways of two adjacent, but structur- 
ally and functionally distinct, regions of rat neocortex: the gran- 
ular primary somatosensory area, and the agranular primary mo- 
tor area. Our investigation had several aims: (1) to test the gen- 
erality of the LTP and LTD induction protocols recently de- 
scribed for visual cortex; (2) to compare directly, under very 
similar conditions, the synaptic plasticity of two neocortical ar- 
eas; (3) to explore the range of plasticity, both short- and long- 
term, that can be induced in neocortex; (4) to begin probing the 
induction mechanisms of synaptic plasticity in neocortex. 

Primary motor and somatosensory cortices of the rodent are 
well suited to these studies. The areas are adjacent, and so can 
be easily studied in vitro in the same slice at the same time, yet 
they are distinct in both lamination and in function. Synaptic 
modifications demonstrable in vitro may be involved in cortical 
functions and reorganization in vivo, and both somatosensory 
and motor areas of the adult rat can reorganize in response to 
central or peripheral manipulations (Donoghue et al., 1990; Cas- 
tro-Alamancos et al., 1992; Recanzone et al., 1992; Diamond et 
al., 1993). Our results show that while motor and somatosensory 
cortex can express a variety of types of synaptic plasticity, they 
are not identical in their capabilities. The vertical pathways of 
somatosensory cortex (but not motor cortex) can generate LTP 
under control conditions, perhaps because synaptic responses in 
the former (but not the latter) also express a short-term facili- 
tation during tetanic stimulation. 

Materials and Methods 
Slices were prepared from the parietofrontal cortex of mature Sprague- 
Dawley rats (> 150 gm). Animals were anesthetized with intraperitoneal 
injection of pentobarbital and decapitated immediately after the disap- 
pearance of tail pinch reflexes. The brain was rapidly removed and 
immersed in ice-cold dissection buffer containing (in mM) NaCl, 124; 
KCl, 5; NaH,PO,, 1.25; MgSO,, 1; CaCl,, 2; NaHCO,, 26; dextrose, 
10. A block of frontoparietal cortex was removed and sectioned in the 
coronal plane into 400 pm thick slices using a Microslicer (DTK). The 
slices were collected and transferred to a slice chamber, where they were 
maintained at the liquid-gas interface in an atmosphere of humidified 
95% 0, and 5% CO,, and superfused with the previously described 
buffer at 35.5”C at a rate of 1 ml/min. Slices were left undisturbed for 
at least 1 hr before starting any recording or stimulation. 

When bicuculline methiodide (BMI) was used to suppress GABA, 
receptors, it was included in the recording pipette (5 mM dissolved in 
0.25 M NaCl). To block NMDA receptors, o-2-amino-5-phosphonov- 
aleric acid (AP5) was included in the-recording pipette (10 mM) with 
0.25 M NaCl. or dissolved in the bathing medium (100 &M). Nifedioine 
was used to suppress L-type calcium channels, and‘it was first dissolved 
in DMSO at 1 M, then diluted in 0.25 M NaCl to a final concentration 
of 10 mM, which was then included in the recording pipette. To block 
non-NMDA receptors, 6,7-dintroquinoxaline-2,3-dione (DNQX) was in- 

Agranular 

Figure 1. Schematic diagram of neocortical slice preparation. The 
granular area is represented by stippling in layer IV, the agranular area 
lacks a clear layer IV. Slices were cut in the coronal plane; medial is 
to the right, dorsal on top. Recording electrodes were placed in the 
middle of layer II/III. Stimulating electrodes were placed as shown, so 
as to activate vertical pathways (SI) or horizontal pathways (S2) in each 
area. 

eluded in the bathing medium (20 pM or 80 FM). Pharmacological 
agents were purchased from Sigma or Research Biochemicals Interna- 
tional. 

Extracellular recording was performed with glass micropipettes filled 
with 0.25 M NaCl; their resistances were l-2 M0. Intracellular (con- 
ventional sharp-type) recording electrodes were filled with 3 M K-ace- 
tate (80-120 MR), and recordings were made from layer III cells iden- 
tified physiologically as pyramidal neurons (Connors and Gutnick, 
1990). Input resistances were estimated by injecting small (0.1-0.2 nA) 
hyperpolarizing current steps, measuring the steady-state membrane 
voltage deflections after carefully balancing the bridge, and calculating 
from Ohm’s law. 

Synaptic responses were evoked with 200 psec pulses of 10-60 ~J,A 
delivered through a concentric bipolar stimulating electrode. Stimula- 
tion was applied to the middle region of the cortex (700-800 urn from 
the pial surface) at a site that corresponds to layer IV in the granular 
cortex and to the transition from layer V to layer III in the agranular 
cortex (Fig. 1). Baseline (control) responses were obtained at 0.1 Hz 
using a stimulation intensity that produced approximately a half-maxi- 
mal field potential (for extracellular experiments), or two-thirds of the 
current needed to produce an orthodromic action potential (intracellular 
experiments). The recording electrode and primary (Sl) stimulating 
electrode were carefully aligned along the vertical axis of the cortex. 
Layer II/III field potentials evoked by Sl stimulation varied in shape 
from slice-to-slice, although there was no consistent difference between 
fields from granular and agranular cortex. Examples from each are 
shown in Figure 2, C and D; these were chosen to illustrate the range 
of field potentials encountered, and are not meant to imply a consistent 
difference between granular and agranular cortex. In general, the field 
potentials contained a short-latency negative component that either 
merged with (Fig. 2C) or was distinctly separate from (Fig. 20) a lon- 
ger-latency, larger amplitude second negativity. The first field potential 
negativity preceded intracellularly recorded EPSPs in layer II/III (com- 
pare top and bottom traces in Fig. 2C,D), and was resistant to the non- 
NMDA receptor antagonist DNQX, implying that it originated from 
nonsynaptic sources such as presynaptic fibers or antidromic firing. 

A second stimulating electrode (S2) was usually placed 300-500 pm 
lateral to, and at the same subpial depth as, the recording electrode 
within layer II/III; this activated horizontal fibers, and was used to test 
the specificity of modifications in the conditioned pathway. The stan- 
dard induction protocol for LTP was six theta-burst sequences, delivered 
at one sequence every 10 sec. Each theta-burst sequence consisted of 
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Figure 2. Long-term effects of theta-burst stimulation on synaptic ef- 
ficacy in granular and agranular areas. A, Graphs plot the peak ampli- 
tude (top) and maximal slope (bottom) of the extracellular (field poten- 
tial) response to Sl stimulation in granular (open symbols) and agranular 
(solid symbols) areas. Data from 10 experiments in each area were 
pooled. Following 10 min of baseline recording, theta-burst stimulation 
(T&S) was applied at the time of the arrow. LTP in the granular area is 
evident as an increase in both amplitude and slope as long as 60 min 
after TBS. The agranular area generated only STP, returning to baseline 
within about 30 min. Data are expressed here and in all subsequent 
graphs as mean ? SEM. B, Effects of theta-burst stimulation on EPSPs 
recorded intracellularly from seven layer II/III pyramidal cells in each 
cortical area. Protocols were the same as in A. Again, LTP is evident 
in granular area, but only STP is generated in the agranular area. C, 
Examples of simultaneously recorded intracellular EPSPs (top) and ex- 
tracellular field potentials (bottom) in the granular cortex immediately 
before and 30 min after (arrows) application of theta-burst stimulation. 
The thick line on the field potential trace illustrates the region from 
which slope determinations were made. D, Example recordings (as in 
Q from agranular cortex immediately before and 30 min after theta- 
burst stimulation, The differences in the waveforms between C and D 
do not represent consistent differences between areas, but serve to il- 
lustrate the range seen in both areas. 

10 bursts (one burst = 5 pulses at 100 Hz) delivered at 5 Hz, unless 
specified otherwise. Thus, an entire theta-burst induction tetanus had a 
total of 300 pulses organized into 60 bursts. The standard induction 
protocol for LTD consisted of 900 continual pulses delivered at 1 Hz. 

Synaptic responses were sampled at 10 kHz and stored on a computer 
using EXPERIMENTER's WORKBENCH (Data Wave Technologies). The 
maximal rising slope and amplitude of the field potential and of the 
intracellular postsynaptic potential (EPSP) were calculated as measures 
of the population and cellular synaptic efficacy, respectively. In the case 
of the field potential, the slope measurement was made from the rising 
phase of the second negativity. which coincides with the latency of the 
rising phase of the EPSPs (see thick lines on traces in Fig. 2C,D). A 
steady baseline for at least 10 min was a requirement for any experiment 

to be initiated. The time scale in all graphs has been adjusted so that 
zero time corresponds to the beginning of the conditioning stimulation. 
Data are expressed as a percentage (+ SEM) of the mean precondition- 
ing baseline. 

Results 
LTP in granular cortex 
Stimulation of layer IV in the granular cortex reliably generated 
LTP in layer II/III when the theta-burst protocol was applied. 
The field potential in layer II/III showed an elevated amplitude 
and slope immediately after the conditioning tetanus, and after 
60 min they were still an average of 130-140% of control values 
(Fig. 2A, open symbols). A similar effect was evident in the 
slope and amplitude of EPSPs recorded intracellularly from py- 
ramidal cells of layer II/III (Fig. 2B, open symbols). Examples 
of field potentials and intracellular recordings from granular cor- 
tex, before and after conditioning, are shown in Figure 2C. The 
resting potentials of 10 intracellularly recorded neurons in layer 
II/III of granular cortex was -78 + 1 mV (mean f  SEM), and 
the input resistance was 38 + 3 MR 

In each experiment, test stimuli applied to the horizontal S2 
pathway showed no evidence of lasting changes in synaptic ef- 
ficacy after conditioning stimuli were applied to the Sl pathway 
(not shown, but similar to Fig. 4A, triangles). In some cases there 
was a transient depression of the S2 response following S 1 con- 
ditioning, but the S2 responses returned to baseline levels within 
about 10 min. Thus, the LTP observed after theta-burst stimu- 
lation of vertical pathway was input-specific, and was not a gen- 
eral enhancement of all synapses onto layer II/III cells. 

LTP in agranular cortex: requirement for reduced GABA, 
receptor-mediated inhibition 

Single stimuli applied near the border of layers II/III and IV in 
agranular cortex generated robust field potential and synaptic 
responses (Fig. 20). The resting potentials of 10 intracellularly 
recorded neurons in agranular cortex was -77 ? 1 mV (mean 
+ SEM), and the input resistance was 36 ? 3 MR The theta- 
burst protocol did not generate LTP as assessed by the amplitude 
or slope of either the field potentials or intracellularly recorded 
EPSPs (Fig. 2A,B, solid symbols). Instead, conditioning stimu- 
lation generated a short-term potentiation (STP) that endured no 
more than 20-25 min. STP was more evident in intracellular 
recordings than in field potentials (Fig. 2A,B). The STP was 
specific to the conditioned pathway, since it was not observed 
in the control, unconditioned S2 pathway (not shown). Strength 
of stimulation does not seem to account for the failure to gen- 
erate LTP; moving the stimulating electrode into layer II/III, to 
within about 100 pm of the recording sites, significantly in- 
creased the size of responses to a given stimulus intensity, but 
did not lead to the generation of LTP. 

We were concerned that the agranular cortex might not have 
generated LTP because the theta-burst conditioning protocol was 
not tuned to its optimal LTP-induction frequency. However, 
when the interburst frequency was varied between 2 Hz, 5 Hz, 
and 10 Hz, granular cortex still produced LTP while agranular 
cortex did not (Fig. 3A). Grouped data show that the granular 
cortex was sensitive to interburst frequency, with LTP magnitude 
rising from 21% to 34% between 2 Hz and 10 Hz (Fig. 3B). In 
contrast, agranular cortex did not generate a significant LTP at 
any frequency tested. 

Inhibition mediated by GABA, receptors is very powerful in 
neocortex (Connors et al., 1988), and IPSPs are strongly en- 
gaged by the conditioning stimuli normally used to induce LTP 
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Figure 3. Frequency dependence of LTP induction in the granular and 
agranular areas, as measured from field potential responses. Inter-burst 
frequency during burst-sequence stimulation was varied, while all other 
features of the stimuli remained constant (i.e., one burst = 5 pulses at 
100 Hz; one burst sequence = 10 bursts repeated at 2, 5, or 10 Hz; six 
sequences repeated at 0.1 Hz). A, Results of three experiments each 
from granular (open symbols) and agranular (solid symbols) areas, as 
frequency of burst-sequences (KS) was varied from 10 Hz to 2 Hz. Note 
consistent LTP in granular area but not in the agranular area. B, Sum- 
mary of results. Data are expressed as the percentage of change in slope 
measured 30 min after burst stimulation; each point is the mean + 
SEM for four or five experiments. 

Numerous reports show that the induction of LTP can be facil- 
itated by suppressing GABA, receptor-mediated inhibition with 
a drug such as BMI (e.g., Wigstrom and Gustafsson, 1983; Kan- 
ter and Haberly, 1992). In order to avoid the epileptiform activ- 
ity that follows even very low doses of BMI in neocortex (Chag- 
nac-Amitai and Connors, 1989) we used a method previously 
described for visual cortex (Bear et al., 1992); BMI was applied 
to a very limited area by placing it into the recording pipette 
and allowing it to leak out slowly but continuously. As shown 
previously (Bear et al., 1992), the field potentials recorded with 
BMI-filled pipettes were somewhat larger and longer-lasting 
than those recorded with control pipettes. With BMI present, 
theta-burst stimulation of the middle layers of the agranular cor- 
tex consistently generated LTP (Fig. 4, open circles). A similar 
form of LTP was also observed in granular cortex using BMI- 
filled recording pipettes (not shown). 

The potentiation observed in agranular cortex, with BMI, dif- 
fered from LTP in granular cortex, without BMI, in two ways. 

First, agranular LTP displayed a relatively slow onset, rising 
over the first 10 min to its sustained level of 30-55% above 
control after 60 min. Second, agranular LTP in the Sl (ccndi- 
tioned) pathway was accompanied by a long-lasting depression 
of the S2 (unconditioned) pathway (Fig. 4A, solid circles). This 
heterosynaptic LTD was not observed in the agranular cortex 
under control recording conditions, that is, in the absence of 
BMI (Fig. 4A, triangles). 

LTD occurs in both granular and agranular cortex 

Low-frequency stimulation of the Sl (vertical) pathway (1 Hz 
for 15 min) was followed by a stable decrease of layer II/III 
responses in both granular and agranular cortex. Figure 5 illus- 
trates averaged results from granular cortex and agranular cor- 
tex. Depression was maximal immediately after cessation of the 
conditioning tetanus, and responses then increased gradually 
over the next 10 min before stabilizing at their final level. The 
time course and magnitude (about 25% decrease after 50 min) 
of depression were indistinguishable in the two areas. LTD was 
also input specific in both areas; the unconditioned S2 pathway 
was unchanged after tetanizing the Sl pathway. 

Effects of NMDA receptor antagonists and nifedipine on the 
induction of LTP in the granular cortex and STP in agranular 
cortex 

Both STP and LTP in the CA1 region of the hippocampus (Mal- 
enka and Nicoll, 1994) and LTP in the visual cortex (Kirkwood 
and Bear, 1994a; however, see Komatsu et al., 1991), can be 
prevented by application of an NMDA receptor antagonist dur- 
ing the induction period. When AP5 was applied to untetanized 
slices of granular and agranular cortex, it depressed the later 
phase of the field potential response to single stimuli (Fig. 6B; 
cf. Bear et al., 1992). In the presence of AP5, 5 Hz theta-burst 
stimulation did not induce LTP in granular cortex (Fig. 6A, open 
circles). Instead, responses were depressed for several min be- 
fore returning to baseline values. As a control, all slices of gran- 
ular cortex tested with an APS-filled electrode were subsequent- 
ly tested with an electrode filled with NaCl alone; in every case, 
LTP was then evoked with the standard 5 Hz theta-burst stim- 
ulation. Theta-burst stimulation of the agranular cortex in the 
presence of AP5 had essentially no effect (Fig. 6A, solid circles); 
the STP seen in agranular cortex under control conditions (Fig. 
2AJ) was absent. Thus, LTP in the granular area, and STP in 
both areas, are abolished by the NMDA antagonist AP5. 

In the hippocampus, blockade of voltage-dependent calcium 
channels does not interfere with the induction of LTP, but does 
seem to block a nonassociative, transient form of potentiation 
(Kullman et al., 1992). In the visual neocortex, however, some 
recent reports (Komatsu and Iwakiri, 1992; Aroniadou et al., 
1993) claim that antagonists of voltage-sensitive calcium chan- 
nels may interfere with some forms of LTP Figure 7A shows 
the effects of theta-burst stimulation in the presence of nifedi- 
pine, a blocker of L-type voltage-sensitive calcium channels. 
LTP was still reliably induced in the granular cortex in the pres- 
ence of nifedipine. When compared to control LTP (Fig. 2), 
however, LTP induced in the presence of nifedipine tended to 
increase more slowly after the conditioning tetanus, and its final 
magnitude was lower (Fig. 7A, open circles). Nevertheless, LTP 
was consistently and reliably induced in every granular slice 
tested. In the agranular cortex, delivery of theta-burst stimulation 
in the presence of nifedipine yielded an STP very similar to 
control responses (Fig. 7A, solid circles). 
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Figure 4. LTP induction in agranular 
area following disinhibition. Field po- 
tential recordings were made with 
BMI-filled micropipettes; stimulation 
and recording arrangements were the 
same as shown in Figures 1 and 2. A, 
Theta-burst stimulation induced LTP in 
the conditioned input (SI; open cir- 
cles), while producing heterosynaptic 
LTD in the nonconditioned input (solid 
circles, S2; horizontal pathway). In a 
separate series of experiments, LTD 
was not generated in the horizontal S2 
pathway after theta-burst stimulation of 
the vertical Sl pathway in the absence 
of BMI (triangles). Each symbol set is 
derived from seven experiments. B, Ex- 
amples of field potentials recorded with 
BMI-filled micropipettes in agranular 
cortex, from experiments in A. Illus- 
trated responses were obtained before 
and 30 min after (arrows) application 
of theta-burst stimulation to the vertical 
pathway (Sl) only. 
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To assure ourselves that nifedipine was indeed acting on local 
synaptic circuits under our experimental conditions, we exam- 
ined its effect on the evoked field potentials from single sites 
across a range of stimulus intensities. Field potentials were sig- 
nificantly slowed and depressed by nifedipine (Fig. 7B). Graphs 
of stimulus intensity vs. response amplitude (Fig. 7C) show that 
nifedipine increased the threshold for a measurable response, 
and depressed the maximal size of the response. 

Effects of NA4DA receptor antagonists and nifedipine on the 
induction of LTD in granular and agranular cortex 

LTD induced by low-frequency stimulation has been reported to 
depend on NMDA receptors both in the hippocampus (Mulkey 
and Malenka, 1992; Dudek and Bear, 1993) and in the visual 
cortex (Kirkwood and Bear, 1994b). However, recent evidence 
challenges this consensus for LTD in the hippocampus, claiming 
that it is not NMDA receptor-dependent, but is prevented by 
blockers of L-type voltage-sensitive calcium channels (Bolshak- 
ov and Siegelbaum, 1994). We tested the sensitivity of LTD to 
antagonists of NMDA receptors and L-type channels in the gran- 
ular and agranular cortices. 

Figure 8 shows that AP5 completely abolished LTD in both 
cortical areas. Interestingly, however, in the presence of AP5 the 
conditioning stimuli led to a transient depression, which slowly 
decayed over lo-15 min before returning to baseline. The time 
course and amplitude of this short-term depression was similar 
in granular and agranular areas. 

Figure 9 illustrates the effects of nifedipine on the responses 
to low-frequency stimulation in granular and agranular areas. 
Clear LTD was observed in both areas. The most obvious effect 
of nifedipine was the absence of the transient phase of short- 
term depression, which is normally apparent under control con- 
ditions (Fig. 5A) and is particularly pronounced following stim- 
ulation in the presence of AP5 (Fig. 8). The magnitude of LTD 
in both areas was also slightly smaller with nifedipine compared 
to control slices. 

Table 1 summarizes the pooled results of theta-burst and low- 
frequency stimulation, and drug manipulations, on long-term al- 
terations in synaptic strength in granular and agranular cortex. 

20 30 40 50 60 

Time (min) 5msec 

Synaptic facilitation occurs during theta-burst stimulation of 
granular cortex but not agranular cortex 
A striking result from this study is that theta-burst stimulation 
reliably induced LTP in the granular cortex, but not in the agran- 
ular cortex. Neither the strength of the conditioning pathways, 
nor burst-frequency-sensitivity seem to account for this differ- 
ence; indeed, when inhibition is suppressed, agranular cortex 
readily generates LTP Studies of LTP induction in the CA1 re- 
gion of hippocampus have stressed the need for strong depolar- 
ization of the postsynaptic cell during the induction process 
(Bliss and Collingridge, 1993). This facilitates the gating of 
NMDA receptor-coupled channels, and the consequent entry of 
Ca*+ into the neuron. We reasoned that short-term synaptic 
changes during the theta-burst induction sequence might differ 
in the two cortical areas, and that this might account for their 
unequal proclivity to generate LTP 

Intracellular recordings during theta-burst sequences show 
that EPSPs in the granular cortex are dramatically facilitated, 
while those of agranular cortex remain quite stable (Fig. IOA). 
Facilitation in granular area neurons occurs both within a burst 
sequence, and across sequences (compare the size and duration 
of burst-induced EPSPs in sequences 1, 3, and 6 in Fig. lOA, 
left panels). Within a sequence, EPSPs grow progressively in 
amplitude, and also ride upon a gradually depolarizing baseline 
membrane potential. As an index of synaptic effectiveness dur- 
ing theta-burst stimulation we measured the area of the burst- 
induced postsynaptic potential, minus the baseline potential, and 
calculated a mean for the five responses comprising each burst. 
This gives a measure of the effectiveness of each burst within a 
sequence. As shown in Figure lOB, burst responses of granular 
cortex (open symbols) increased during the progression of theta- 
burst sequences, reaching a plateau after about four sequences. 
In stark contrast, responses from the agranular cortex (solid sym- 
bols) changed little between sequences one and six. 

Discussion 
Eclectic forms qf synaptic plasticity expressed in granular and 
agranular areas 
Our experiments revealed several forms of synaptic plasticity in 
two areas of neocortex studied, and these are summarized in 
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Table 1. Most resemble forms of plasticity described previously 
in various regions of cerebral cortex, especially hippocampus, 
but there is enough ambiguity and disagreement in the literature 
that it is worth clarifying our terminology as we summarize our 
findings. 

LTP is a sustained (more than 30 min) increase in synaptic 
responsiveness that follows conditioning stimuli. A principal re- 
sult of this study was that vertical pathways of the granular 
somatosensory area easily expressed LTP, while those of the 
agranular motor area did not. Agranular cortex did generate LTP 
if GABA, receptors were partially blocked, so it clearly has the 
necessary molecular machinery for long-term synaptic enhance- 
ment. STP is a synaptic enhancement that lasts only about 5-20 
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Figure 5. Effects of low-frequency 
stimulation (LFS) on Sl pathways of 
granular and agranular areas. A, Appli- 
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cation of 900 pulses at 1 Hz to the 
granular (eight experiments) or to the 
agranular areas (seven experiments) 
yielded LTD in both cases, as measured 
in the slope and in the amplitude of the 
field potentials. B, Examples of field 
potentials in the granular and agranular 
areas immediately before and 45 min 
after (arrows) the low frequency stim- 
ulation. 

min, and it has been studied extensively in the CA1 region of 
hippocampus (Malenka, 1991; Malenka and Nicoll, 1993), but 
little or not at all in neocortex. In our study, the agranular cortex 
generated STP following theta-burst stimulation under control 
conditions. It seems likely that the granular cortex also generates 
STP although its decaying phase is often obscured by the LTP; 
responses were transiently elevated following the conditioning 
period, then began decaying with a time course similar to the 
STP of the agranular area (Fig. 2A,B). In addition, we have 
observed isolated STP in granular cortex when only a single 
theta-burst sequence was applied (Castro-Alamancos and Con- 
nors, unpublished observations). Interesting forms of brief syn- 
aptic enhancement occur during the theta-burst stimulation itself, 
in granular but not in agranular cortex (Fig. 10). This facilitation 
resembles other forms of transient enhancement seen in many 
synapses (Zucker, 1989). 

LTD is a sustained (30 min or more) decrease in synaptic 
responsiveness following conditioning. In our study both gran- 
ular and agranular areas generated reliable, and identical, LTD 
(Table 2). Under control conditions depression was maximal at 
the termination of the conditioning train, and then it decayed 
slightly over about 15 min to the sustained levels (Fig. 5A). 
Because this transient phase of depression resembles an inverse 
form of STP, it has been called STD by some (Artola and Singer, 
1993). STD is revealed clearly when LTD is blocked with AP5 
(Fig. 8), and it appeared to be largely absent in the presence of 
nifedipine (Fig. 9). 

We conclude that neocortex has a rich array of mechanisms 
available to modify the effectiveness of its synapses. The dif- 
ferences between granular and agranular areas suggest that all 
regions may not share the same propensities for modifications 
of certain types. 

5 msec 

Figure 6. Effects of theta-burst stimulation on granular and agranular 
areas in the presence of the NMDA-receptor antagonist (AP5). A, AP5 
prevented the induction of LTP and STP in the granular (five experi- 
ments) and agranular (three experiments) areas, respectively (compare 
with results under control conditions, in Fig. 2). B, Application of AP5 
in the bathing medium blocked a small, late component of the field 
potential in both granular and the agranular cortex. Illustrated is an 
example of a response from the agranular area before (arrow) and after 
the application of AP5 (100 FM). 

Mechanisms of synaptic plasticity in sensorimotor neocortex 

Analyses of synaptic plasticity often recognize two distinct 
mechanistic processes: induction and expression. Our results do 
not address the mechanisms of expression for any of the phe- 
nomena we observed. However, the fact that LTP, STP, and LTD 
were blocked by AP5 implies that all depend upon the activation 
of NMDA receptors during their induction phase. These results 
are similar to those from the CA1 region of hippocampus (re- 
viewed by Malenka and Nicoll, 1993), and are consistent with 
some studies of primary visual cortex (e.g., Artola and Singer, 
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Figure 7. Effects of theta-burst stimulation on granular and agranular 
areas in the presence of the calcium channel blocker nifedipine. In all 
cases, nifedipine was included in the recording micropipette. A, Nife- 
dipine did not block the induction of LTP in the granular area (10 
experiments) or the induction of STP in the agranular area (4 experi- 
ments). B, Effect of nifedipine on field potentials in nontetanized slices. 
Field potentials were recorded at a range of stimulus intensities, first 
with control (saline) electrodes, then from the same site with nifedipine- 
filled electrodes. Similar effects of nifedipine were observed in both 
areas. C, Field potential amplitude as a function of stimulus current. 
Nifedipine increased the threshold of responses, and depressed their 
amplitude at all tested intensities. 

1987; Kimura et al., 1989; Aroniadou and Teyler, 1991; Sah and 
Nicoll, 1991; Bear et al., 1992) but not others. Several studies 
have found LTP in visual cortex to be insensitive to NMDA 
receptor antagonists (e.g. Komatsu et al., 1991; Aroniadou et al., 
1993), but these involved stimulation protocols quite different 
from those employed here (2 Hz for 60 min in the case of Ko- 
matsu et al., 1991). When theta-burst stimulation was used to 
induce LTP (Kirkwood et al., 1993), and low-frequency stimu- 
lation was used to induce LTD (Kirkwood and Bear, 1994b) in 
visual cortex, as in our own experiments, both phenomena were 
abolished by AP5. The presumed link between NMDA receptors 
and the induction of STP, LTP, or LTD is an influx of Ca*+ 
through NMDA-gated channels (Debanne and Thompson, 
1994). Presumably the magnitude, time course, and location of 
intracellular Ca2+ elevations determine, in part at least, which 
forms of plasticity ensue. 
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Figure 8. Effect of low-frequency stimulation (LFS) in granular and 
agranular areas in the presence of the NMDA-receptor antagonist (AP5). 
AP5 prevented the induction of LTD in both areas (compare with con- 
trol results in Fig. 5). Low-frequency stimulation did yield an STD in 
both areas in the presence of AP5. Data are based on field potential 
recordings from eight experiments from each area. 

Interestingly, we found that STD was not blocked by the 
NMDA receptor antagonist AP5. This is also consistent with 
previous observations in hippocampus (Mulkey and Malenka, 
1992; Dudek and Bear, 1993) and visual cortex (Briicher et al., 
1992; Kirkwood and Bear, 1994b), and implies that the induction 
of LTD and STD are fundamentally different. The mechanisms 
of STD have not been closely examined in any system, however. 

In addition to NMDA-gated channels, Caz+ can enter cells via 
voltage-gated channels. Indeed, Ca2+ entry through T-type (low 
threshold) channels has been implicated in the induction process 
of low-frequency stimulation-generated LTP in kitten visual cor- 
tex (Komatsu et al., 1992). A recent report suggests that LTD 
in the hippocampus of young animals is induced by Ca*+ entry 
through L-type (high threshold) calcium channels, and not by 
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Figure 9. Effect of low-frequency stimulation (LFS) in granular and 
agranular areas in the presence of the calcium channel blocker nifedi- 
pine. LTD was generated in both areas, although the initial phase of 
STD observed under control conditions (see Fig. 5) was absent. Data 
are based on field potential recordings from 12 experiments from each 
area. 



Table 1. Comparison of long-term, activity-dependent changes of 
synaptic strength under different experimental conditions 

Granular area Agranular area 

% of % of 
baseline baseline 
(mean (mean 

Conditions + SEM) n + SEM) n 

Theta-burst stimulation 140 + 5* 10 107 + 5 10 
Theta-burst + BMI 153 t 6* 7 
Theta-burst + AP5 101 -t- 3 5 102?3 3 
Theta-burst + nifedipine 141 2 4* 10 105?8 4 
Low-frequency stimulation 78 2 5* 8 70?6* 7 
Low-frequency + AP5 100+3 8 10224 8 
Low-frequency + nifedipine 83 + 4* 12 79 + 9* 12 

Tabulated data are the sizes of the maximal slope responses 30 min after the 
end of conditioning stimulation, expressed as a percentage of the precondi- 
tioning baseline level. 

* Significantly different from baseline level 0, i O.Ol), two-tailed t test. 

A Granular cortex 
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NMDA receptors (Bolshakov and Siegelbaum, 1994). We found 
that nifedepine, an L-type Ca*+ channel blocker, did not elimi- 
nate LTP in granular cortex, STP in agranular cortex, or LTD in 
either area. Nifedepine was not without effect; it did slightly 
depress the magnitude of LTP and LTD, and it appeared to de- 
press or eliminate the STD phase of depression (Fig. 9), and 
slow the onset of LTP in granular cortex (Fig. 7). Therefore, it 
may be that L-type voltage-sensitive calcium channels contribute 
to the induction of neocortical LTP and STP, but they are not 
essential. 

Robust synaptic facilitation during theta-burst stimulation yas 
observed in granular, but not agranular, cortex. Since LTP de- 
pends upon relatively strong activation of NMDA receptors 
(Malenka and Nicoll, 1993), it may be that synaptic facilitation 
during the induction phase is essential for the reliable expression 
of LTP The larger, longer membrane depolarization that occurs 
during facilitation would strongly promote the opening of 
NMDA receptor-gated channels, and consequently the entry of 
LTP-inducing levels of intracellular Ca*+. The presence of both 
facilitation and LTP in granular cortex, and the absence of both 
in agranular cortex, strongly support this hypothesis. Theta-burst 
stimulation of agranular cortex, which is not accompanied by 
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Figure 10. Comparison of neuronal 
membrane potential changes during 
theta-burst stimulation in the granular 
and agranular areas. A, Examples of in- 
tracellular recordings from pyramidal 
cells in the granular area (left) and the 
agranular area (right), showing re- 
sponses to the first, third, and sixth the- 
ta-burst sequences, each sequence con- 
sisting of 10 bursts. Recordings have 
been filtered to reduce action poten- 
tials, for clarity. Note that the response 
of the cell from the granular area pro- 
gressively increased from burst-to- 
burst within the first sequence, and 
across sequences (compare the first and 
subsequent bursts from sequence 1 
with those from sequences 3 and 6). 
Note also the gradual depolarization 
underlying individual burst responses. 
In contrast, responses from the cell in 
the agranular area remained relatively 
stable within and across sequences. B, 
Graphical comparison of synaptic re- 
sponses during theta-burst stimulation. 
Data are the mean of 10 neurons from 
each cortical area, stimulated as in A. 
Each circle represents the area of a 
burst-induced postsynaptic potential, 
measured as indicated in burst 5 of se- 
quence 6 in A @led area). Thus, this 
area measure does not take into ac- 
count shifts of the baseline level of 
membrane potential. Areas were cal- 
culated using Simpson’s rule with the 
aid of EXPERIMENTER'S WORKBENCH, 
and are expressed as V. sec. Variances 
are not illustrated, but the mean SEM 
for each point was 1.5 X 1O-4 V sec. 
Facilitation across sequences was 
prominent in the granular area, but not 
in the agranular area. 
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Table 2. Forms of synaptic plasticity observed in granular and 
agranular neocortex 

Granular area Agranular area 

Long-term potentiation 
(normal conditions) 

Long-term potentiation 
+ - 

(during disinhibition) 
Short-term potentiation 
Facilitation 

+ + 
+ + 

(during theta-burst) + - 

Long-term depression + + 
Short-term depression + + 

“+” indicates that a cortical area demonstrated that particular form of plastic- 
ity in this study, and “-” indicates that the form was not observed. 

facilitation, generated only STF! In the hippocampus, STP is 
thought to be associated with more moderate increases of intra- 
cellular Ca2+ (Hanse and Gustafsson, 1992; Malenka et al., 
1992). Revealing the mechanisms underlying facilitation in 
granular cortex, and the reasons for its absence in agranular 
cortex, will be important for understanding LTP induction in 
these two areas. There are many potential explanations for the 
difference between areas, including the intrinsic release prop- 
erties of presynaptic terminals, some aspect of neurons or cir- 
cuits affecting the strength or pattern of inhibition, or the prop- 
erties of postsynaptic NMDA receptor. 

Comparative plasticity of granular and agranular neocortex 

Neocortex is extensively subdivided into areas of anatomical and 
functional specialization (Creutzfeldt, 1993) but almost nothing 
is known about the specialization of cellular physiology across 
areas. The many modes of synaptic plasticity are a type of spe- 
cialization. Several literature reviews have explicitly compared 
plasticity in hippocampus with that of neocortex (Bindman et 
al., 1991; Artola and Singer, 1993; Bear and Malenka, 1994; 
Debanne and Thompson 1994). Hippocampus and visual cortex 
are about as diverse as cerebral cortical regions can be, but still 
it is not clear precisely how (or if) their mechanisms of plasticity 
differ. It may be relevant that very few experimental studies have 
actually compared the two structures under identical laboratory 
conditions (however, see Kirkwood et al., 1993). Here we have 
shown, in the same in vitro slices, that the expression of some 
forms of synaptic plasticity can be quite different in two related 
but distinct areas of neocortex. 

The relevance of synaptic plasticity to processes such as learn- 
ing, development, and neural injury is widely assumed, but in 
fact there is currently very little evidence supporting this link 
for any area of brain. In this context, it may help to summarize 
the properties of the two areas we have studied. The granular 
and agranular areas of the rat frontoparietal cortex represent two 
functionally distinct regions (Donoghue and Wise, 1982). The 
granular area lies lateral and posterior to the agranular area, and 
is named for the small, dense neurons of its layer IV. The agran- 
ular cortex lacks a dense layer IV; it also has a relatively thick 
layer V. Granular cortex, and its interspersed “dysgranular” in- 
clusions and granular “barrels,” receives topographically orga- 
nized inputs from the ventral posterior medial and ventral pos- 
terior lateral thalamic nuclei (Jones and Diamond, 1994). Neu- 
rons in this area can be activated by light cutaneous and vibrissa 
stimulation. By anatomical and physiological criteria, granular 

cortex is the primary somatosensory area in the rodent. The 
agranular area receives its primary ascending input from the 
ventral lateral nucleus of the thalamus. Its cells are not easily 
activated by somatosensory input, but when stimulated with low 
intensity in its deep layers, agranular cortex elicits movements 
of specific body parts; thus, agranular cortex corresponds to the 
primary motor area in rodents (Donoghue and Wise, 1982). 
There is also a granular region where the motor and somatosen- 
sory functions for the hindlimb overlap. 

Studies of mature, intact animals indicate that both the gran- 
ular (Wall and Cusick, 1984; Diamond et al., 1993) and agran- 
ular (Donoghue et al., 1990; Castro-Alamancos et al., 1992) ar- 
eas of neocortex are subject to extensive modification of their 
functional organization following peripheral or central manipu- 
lations. The mechanisms underlying these modifications are 
largely unknown. However, there are several reasons to think 
that activity-dependent synaptic plasticity may play a role. First, 
plasticity in vivo can occur quite rapidly. Studies have docu- 
mented changes within minutes to hours (Recanzone et al., 1990; 
Kaas, 1991; Calford and Tweedale, 1988; Donoghue et al., 1990; 
Gilbert, and Wiesel, 1992). In vitro induction protocols can es- 
tablish synaptic modification within seconds to minutes. Second, 
reorganizations can be quite specific, suggesting that synaptic 
modifications must be specific. Indeed, input specificity has been 
demonstrated for LTP and LTD in sensorimotor cortex. Third, 
studies in vivo suggest that synapses are both strengthened and 
weakened. In vitro results demonstrate that there are multiple 
mechanisms for both activity-dependent enhancement and de- 
pression of synapses. 

The many areas of neocortex may have similar types of neu- 
rons, and they may share a basic pattern of neural circuitry 
(Douglas and Martin, 1991). However, they are obviously dif- 
ferent in the details of their cell arrangements, their inputs and 
outputs, the distribution and densities of proteins expressed, and 
in their functions-this is how we distinguish areas, after all. 
Here we have demonstrated that areas may also differ in their 
ability to generate synaptic modifications. Further studies on dif- 
ferent pathways and other areas will be necessary to estimate 
the extent of plasticity diversity. The two areas examined here, 
with strikingly different abilities to generate facilitation and LTP 
in their vertical pathways, will serve as a useful tool for probing 
the mechanisms of synaptic plasticity in neocortex. 
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