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Abstract

Ž .The issue we want to address in the present paper is to establish whether electrical stimulation of latero medial LM area, a secondary
Ž . Ž . Ž .visual area in the rat, is able to induce Long Term Potentiation LTP and Long Term Depression LTD in primary visual cortex V1 .

To this aim rat slices containing area V1 and LM were prepared at P23 and P40 and field potentials in layers 2r3 of area V1 were
recorded stimulating LM. We showed that it was never possible to induce LTP in area V1, unless bicuculline, a g-aminobutyric acid
Ž .GABA receptors blocker, was applied to the slice. In contrast, LTD was normally inducible. Thus, cortical gabaergic circuitry in area
V1 controls LTP but not LTD elicited by stimulation of feedback connections from LM. q 1999 Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

The rat visual cortex, can be divided into multiple areas,
reciprocally connected through forward and feedback pro-
jections. Feedback connections from the rat latero medial
Ž .LM area, a secondary visual area linking V2 to V1,
terminate in characteristic laminar pattern in area V1 that

w xdiffers from forward connections 3,4 . Electrical stimula-
tion of the LM is able to evoke a distinct pattern of
synaptic activation through visual cortical layers of area

w xV1 5 . In addition, activation of area LM has been pro-
posed to modulate neuronal responses in area V1 evoked
by stimulation of the thalamo-cortical pathway contained

w xin the white matter 20 .
The presence of functionally distinct and reciprocally

connected visual cortical areas raises the question of how
these areas work together to provide a dynamic representa-
tion of the visual world. Recently it has been hypothesized
that feedback connections from higher to lower areas are

w ximportant for adult cortical plasticity 7 and for recall of
w xpreviously stored visual information 17 . In this context it

is essential to understand functional processes and mecha-
nisms through which higher order visual areas could in-

) Corresponding author. International School for Advanced Studies,
Neuroscience Program, Via Beirut 2-4, 34014 Trieste, Italy. Fax: q0039-
040-3787249; e-mail domenici@sissa.it

duce a feedback effect in primary visual cortex. One
simple hypothesis is that activation of feedback connec-
tions could directly induce changes in synaptic strength in

Ž .target neurons of area V1. Long Term Potentiation LTP
Ž .and Long Term Depression LTD are considered forms of

synaptic plasticity. In the rat primary visual cortex both
LTP and LTD can be elicited by stimulation of the white

w xmatter containing thalamo-cortical connections 11,12 . In
particular, LTP expression is developmentally down regu-

w xlated during postnatal development 13 while LTD is
w xnormally expressed also in adulthood 11,19 .

The present paper addresses the question of whether
synaptic efficacy in area V1 of rat is modified by stimula-
tion of feedback projections. In particular we examined
whether it is possible to elicit LTP andror LTD in area V1
by electrically stimulating LM. Extracellular field poten-
tials were recorded in in vitro slices from Long–Evans rats
cortex containing both V1 and LM. Slices were examined

Ž .at two different postnatal day: 40 P40 when the func-
tional maturation of primary visual cortex is completed
w x w x6,21 , and P23 when area V1 is still immature 6 .

2. Materials and methods

Long–Evans rats were deeply anaesthetized with ure-
thane and then decapitated. Adequate measures were taken
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to minimize pain. The brain was rapidly removed and
Ž .coronal slices 400 mm from occipital region were pre-

pared; only the third and fourth slices from occipital pole
were taken and moved to a submersion-type recording
chamber. Slices were superfused with artificial cerebro

Ž .spinal fluid ACSF at a rate of 4 mlrmin and maintained
at 338C. The ACSF was gassed with 95% O and 5% CO2 2

and had the following composition with different com-

pounds expressed in mM: NaCl, 126; KCl, 3.5; NaH PO ,2 4

1.2; MgCl, 1.3; CaCl , 2; NaHCO , 25; glucose, 11.2 3

To distinguish area LM from area V1 we took advan-
tage of the fact that the two adjacent areas have a different

Žmyeloarchitecture. After cutting a slice under trans-il-
.lumination the border delimitating striate areas from ex-

trastriate areas was clearly visible; a notch was made in the
subiculum of the slice to mark the border between LM and

Fig. 1. LTP in feedback connections between area LM and V1. A: schematic drawing showing the placement of stimulating and recording electrodes in the
Ž . Ž .occipital slice containing primary visual cortex V1 and Latero Medial area LM . S represents the position of the stimulating electrode in LM, whereas

Ž .the recording micropipette R was placed in layer II–III of V1. The arrow shows the position of the notch made in the subiculm to mark the border
between V1 and LM. Traces are representative field potentials taken at the time intervals indicated by numbers in the graph reported in B; arrows indicate

Ž .the peaks of field potentials. Horizontal bars10 ms; vertical bars0.4 mV. B: Pooled data from P35–40 slices ns7 recorded for about 10 min after
Ž . Ž .High Frequency Stimulation HFS protocol. Averaged "S.E.M. responses representing the amplitude of maximum positive potential recorded in layer

II–III following stimulation of area LM. Values were normalized to averaged baseline responses. In all examined slices HFS was not able to induce a
Ž .stable LTP PCCBs0.98"0.07 . Arrow indicates the conditioning protocol for LTP. C: Induction of LTP in feedback connections from LM at an early

Ž . Ž .stage of postnatal development P23 . Pooled data from slice ns4 recorded for about 10 min after HFS. Also at this stage of postnatal development
Ž .tetanic stimulation of LM did not induce LTP in area V1 PCCBs0.94"0.05 . For other conventions see B.
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w xarea V1 5 . LM was stimulated by placing a bipolar
electrode in layer II–III while recording from the same

Ž .layers in area V1 Fig. 1A , unless otherwise stated. The
stimulating and recording electrodes were placed at a
distance of 0.5–1 mm. Extracellular field potentials in
cortical layers 2r3 of the primary visual cortex were
recorded using glass micropipettes filled with a 2 M NaCl
solution. Baseline responses were acquired at a stimulation
frequency of 0.07 Hz. The protocol for inducing LTP

Žconsisted of 3 trains of high frequency stimulation HFS,
.three trains at 100 Hz, 10 s interval . Long Term Depres-

Ž .sion LTD was induced by low frequency stimulation
Ž .LFS, 900 pulses at 1 Hz . Slices containing V1 and LM

Ž .were prepared either from P23–P24 P23 , or P35–P40
Ž . Ž .P40 rats. Bicuculline methiodide Sigma, St. Louis, MO
was used to block GABAa receptors. Bicuculline was

Ž .added to the solution 1 M NaCl used to fill the mi-
cropipette in order to spatially restrict the action of re-
leased drug.

The amplitude of the maximum positive field potential
in layer 2–3 was used as a measure of the evoked popula-
tion excitatory current. In accordance to that described in a

w xprevious paper 5 the evoked field potential was character-
ized by a waveform with a positive peak between 6–7 ms

Ž .Fig. 1A-1 . Changes in the amplitude of the maximum
positive field potential correspond to current sinks in layer

w x2–3 4 .
Responses, with a stimulation intensity that yielded a

half-maximal response, were obtained every 15 s and
averaged every four responses. The magnitude of LTD and
LTP was measured by averaging 10 consecutive points for
10 min after induction protocols. Data were then pooled
together for each experimental group and expressed as
percentage change from control baseline, PCCB
Ž ."S.E.M. . Statistical comparison was done by applying a
Mann–Whitney Rank Sum Test between baseline re-
sponses and responses elicited after induction protocols.
Difference was considered significant with a P-0.05.

3. Results

3.1. LTP induction at different postnatal ages

After recording stable baseline responses in layers 2r3
of area V1 for at least 10 min, high frequency stimulation
Ž .HFS to LM was applied as described in materials and

Ž .methods. In all tested slices 7r7 tetanic stimulation to

Fig. 2. LTP in interlaminar connections between layer IV and II–III of area V1. A. Schematic drawing showing the placement of stimulating and recording
Ž .electrodes in the slice. Sa1 and Sa2 represent the positions of the stimulating electrode in Latero Medial area LM and in layer four of primary visual

Ž .cortex, respectively. The recording micropipette was placed in position Ra1, when LM was stimulated feedback pathway , and then it was moved to
Ž .position Ra2, when layer IV of V1 was stimulated interlaminar pathway . B. Left side: plot of responses amplitude when HFS was delivered to the

Ž .feedback pathway Sa1–Ra1 . In accordance to what reported in Fig. 1B no potentiation was induced following HFS. Right side: within the same slice
Ž .HFS delivered to the interlaminar pathway Sa2–Ra2 induced LTP.
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LM was never able to induce potentiation of the evoked
Žresponses in V1 Percentage Change from Control Base-

.line, PCCBs0.98"0.07 . In Fig. 1B we reported the
mean relative values before and after HFS.

Since in the rat primary visual cortex, LTP expression
upon white matter stimulation is developmentally down

w xregulated 13 we examined whether a similar phenomenon
occurs for the connections between LM and area V1. In
order to verify this point we used younger animals at P23

to see whether it is possible to evoke LTP in interareal
connections linking LM and area V1. However, as in adult
animals, the results reported in Fig. 1C clearly show that it

Žwas never possible to elicit LTP 4r4 slices, PCCBs0.94
."0.05 at this developmental stage.

3.2. Control experiments

In order to verify whether the absence of LTP in the
interareal pathway was due to slice viability, we tested if

Fig. 3. Bicuculline gated LTP in feedback connections between LM and V1. A. Schematic drawing of the slice stimulated in the presence of Bicuculline
Ž .Methiodide BMI , locally delivered through the recording micropipette. In this experiment two stimulating electrodes were used. The first one was

Ž . Ž .positioned in the white matter of area V1 position Sa1 . The second stimulating electrode was placed in area LM position Sa2 . At first when white
Ž . Ž .matter Sa1 was stimulated the recording micropipette filled with BMI was in position Ra1. Next, when LM was stimulated Sa2 , the recording

micropipette was moved to position Ra2. B: Top panel: plot of responses amplitudes from a representative P35–40 slice treated with 100 mM BMI.
Ž . Ž .Tetanic stimulation of white matter left side and of LM right side was not able to induce LTP in layer II–III of area V1. Bottom panel: plot of responses

amplitudes from a representative P35–40 slice treated with 10 mM. LTP following HFS was induced in both pathways.
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other cortical pathways in area V1 could be potentiated.
For example it has been previously reported that LTP is
easily inducible in area V1 of adult rat slices when the
stimulating electrode is placed in cortical layer IV of this

w xarea 12 . In two slices the stimulating and recording
electrodes were placed as shown in Fig. 2A. This arrange-
ment allowed individual activation of two different path-
ways, namely an interareal pathway from LM and a inter-
laminar pathway within primary visual cortex. At first,
HFS was delivered to the interareal pathway by stimulat-
ing LM. The stimulation of LM with the recording elec-

Ž .trode in position Ra1 Fig. 2A within primary visual
cortex was done having previously verified that the ampli-
tude of evoked responses was not influenced by stimula-
tion of layer IV. In this condition, HFS of LM induced a
temporary increment of evoked potential lasting only for

Ž .10–15 min ns2r2 . Subsequently, the recording elec-
trode was moved from Ra1 to Ra2 in primary visual

Ž .cortex Fig. 2A . In sharp contrast to what was observed
when area LM was stimulated, activation of layer IV
induced a stable potentiation of the evoked responses

Ž . Žns2r2 recorded in area V1 a case is reported in Fig.
.2B . These results indicate that in our experimental condi-

tions the absence of LTP is restricted to feedback connec-
tions from LM.

3.3. LTP following LM and white matter stimulation in the
presence of a GABAa receptors antagonist

LTP in area V1 elicited by stimulation of white matter
is progressively down regulated during postnatal develop-

w xment and disappears after P35 13 . Blockade of GABAa
receptors restores the ability of synapses to undergo poten-

w xtiation in adult rats 12 . To check if LTP evoked by
stimulation of feedback connections is modulated by
GABAa receptors we stimulated LM in the presence of

Ž .bicuculline methiodide BMI , a selective antagonist of
GABAa receptors. BMI was diluted in the solution used to
fill the recording micropipette. This was done to locally
deliver BMI and avoid undesired global excitation nor-
mally occurring with bath application. Three different
concentrations of bicuculline were tested: 100 mM, 1 mM

Fig. 4. LTD in feedback connections between LM and V1. Top traces are representative field potentials taken at different times intervals indicated by
Ž . Ž .numbers in the graph. Pooled data from slices Ns4 recorded for 40 min after delivery of Low Frequency Stimulation LFS protocol in LM. LTD was
Ž .observed in all slices and its relative amplitude PCCBs0.79"0.02 was significantly different with respect to baseline values. Other conventions as in

Fig. 1.
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and 10 mM to find the smallest possible effective concen-
tration. Stimulating and recording electrodes were placed
as shown in Fig. 3A. This arrangement allowed individual

Žactivation of a vertical pathway in V1 Sa1, control
. Ž .pathway and of a interareal pathway from LM Sa2 . The

recording electrode was placed in layer 2–3 in two differ-
ent positions. At first it was positioned 0.7–0.5 mm away

Ž .from LM border Ra1 when the white matter was stimu-
Ž .lated, and then moved closer to the border with LM Ra2

when the interareal pathway was activated. First we
checked if bicuculline application allowed us to induce
LTP by tetanic stimulation of the white matter as already

w xreported 12 . Then, we tested if using the same concentra-
tion of the drug it was possible to elicit LTP in feedback
connections. Although the local application, bicuculline at
a concentration of 10 mM induced epileptic potentials in
the great majority of the treated slices; in a few slices we
succeeded in recording stable field potentials in the ab-
sence of any epileptic activity. In these slices the presence

Ž .of BMI at the highest concentration 10 mM made it
Ž .possible to evoke LTP in both pathways Fig. 3B . At

Ž .lower concentrations, 1 mM data not shown , and 100
Ž .mM a case is reported in Fig. 3B , LTP was not inducible

in any of the two pathways. These findings indicate that
the feedback pathway from LM retains the capability for
LTP when GABAa receptors are blocked.

3.4. LTD following LM stimulation

In a second group of experiments we checked if in P40
rats the absence of long term synaptic plasticity was
restricted to LTP expression, or equally extended to other
forms of synaptic plasticity such as LTD. To this aim LTD
in area V1 was elicited by low frequency stimulation of
area LM. In all the tested slices we were able to evoke a

Ž . Ž .LTD PCCBs0.79"0.02 Fig. 4 . These results indicate
that LTD is induced when stimulating LM but its expres-
sion is not under the control of GABAa receptors.

4. Discussion

In the present study we analyzed the amplitude of field
potentials evoked in layer 2–3 of V1 by the electrical
stimulation of supragranular layers in LM. As it has been
reported in a previous paper these potentials correspond to
monosynaptic sinks at the laminar depth adopted in the

w xpresent work 5 . The synaptic potentials evoked by electri-
cal stimulation of area LM are excitatory, mediated by

w xglutamate receptors 5 and their laminar arrangement cor-
responds to the anatomic distribution of feedback connec-

w xtions between LM and V1 4 .
The first prominent result is that LTP cannot be elicited

in P40 slices when tetanic stimulation was delivered to the
interareal pathway from LM toV1. These results are simi-
lar to data obtained stimulating the white matter, i.e., the
vertical pathway containing thalamo-cortical projections,

showing that also LTP in this pathway is not inducible
w xafter P35 13 . However, at P23 while LTP evoked by

stimulation of the white matter is highly expressed, similar
activation of LM is never capable of inducing LTP in V1.
This observation suggests that LTP in geniculo-cortical
and feedback pathways relies on distinct circuits and possi-
bly different age dependent mechanisms.

It is possible that lack of LTP could be due to experi-
mental conditions rendering our slice less viable and there-
fore less responsive to neuronal activation. This hypothesis
is unlikely since LTP is present within area V1 of the same
slice when tetanic stimulation is applied to an interlaminar
pathway from layer IV to layer II–III but LTP is absent
when LM is stimulated.

A second possibility is that in the feedback pathway
LTP induction might require stimuli of different strength
andror temporal characteristics with respect to the stimu-
lus used in the present paper.

The expression of LTP elicited by tetanic stimulation of
the white matter has been suggested to be under the

w xcontrol of cortical GABAergic circuitry 1,12 ; indeed,
blockade of GABAa receptors allows to induce LTP in
adult animals when this is normally absent. Using the
strategy of blocking GABAa receptors by locally supply-
ing bicuculline added to the filling solution of the record-
ing micropipette we were able to elicit LTP when activat-
ing the feedback pathway from LM in slices with stable
field potentials. Thus, this pathway retains the ability to
undergo potentiation when the GABAergic activity in the
primary visual cortex is reduced. These results suggest that
LTP in layers II–III elicited by stimulation of feedback
pathway depends on the balance between excitatory and
inhibitory inputs as it occurs when excitation overcomes
inhibition in the cortical network.

It is intriguing that feedback input to V1 produces so
much inhibition in primary visual cortex that LTP is no
longer inducible. Indeed, feedback connections from LM

w xprimarily contact pyramidal neurons in area V1 10 and
w xare excitatory 20 . A similar conclusion on the excitatory

role of feedback connections was reached in two previous
w x w xstudies performed in cat 16 and in monkey 18 visual

cortical areas. A strong direct activation of GABAergic
circuitry by feedback connections from LM through a
monosynaptic pathway is therefore unlikely. However, it is
possible that a high frequency stimulation to area LM
could activate a local GABAergic circuitry in primary
visual cortex, through a polysynaptic pathway, preventing
in this way LTP expression.

We have also shown that lack of synaptic plasticity in
the horizontal pathway from LM is restricted to LTP.
Indeed, a low frequency stimulation of LM induced an
important LTD in cortical layer II–III, comparable in
amplitude with the LTD elicited by stimulation of white

w xmatter 19 . Data showing that LTD is normally present in
rat visual cortex are similar to those previously reported
for local horizontal connections in cat primary visual
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w x w xcortex 9 and, more recently, in rat motor cortex 8 .
However, in cat primary visual cortex LTP as well as LTD
can be elicited by stimulation of local horizontal connec-

w xtions 9 .
In contrast to that reported for LTP, LTD is normally

induced irrespective of blockade of GABAa receptors.
Although the exact mechanisms and circuitry controlling
LTD are still unknown these results suggest that when
presynaptic activity in LM fibers is low and repetitive,
layers II–III neurons in area V1 would switch into a
depressed network. This would provide area V1 with a
mechanism capable of reverting previously established
LTP.

Concerning mechanisms underlying LTP and LTD reg-
ulation in feedback pathway a few considerations can be

w xmade. Recent data obtained in hippocampus 15 and in the
w xvisual cortex 14 suggest that the intracellular level of

Ca2q through calciumrcalmodulin-dependent protein ki-
nase II is important for the phosphorilation of substrate

w xproteins such as kinases and phosphatases 22 necessary
to initiate LTP and LTD, respectively. Following this idea
the entry of Ca2q into a neuron through NMDA receptors
andror voltage dependent Ca2q channels would be the

w xlimiting step and would depend on membrane potential 2 .
In this context, it will be of great interest to know whether

Ž . 2qin feedback pathway i intracellular Ca plays a key role
Ž .in separating LTD from LTP, ii Gabaergic inhibition

directly influences synaptic plasticity of single neurons. In
the present paper we have shown that blockade of GABAa
mediated inhibition can allow LTP of feedback connec-
tions to occur.
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