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Effects of Adult Neurogenesis on Synaptic Plasticity in the Rat
Dentate Gyrus
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Snyder, J. S., N. Kee, and J. M. Wojtowicz.Effects of adult functionality of the adult-generated young neurons and their
neurogenesis on synaptic plasticity in the rat dentate gyrd&uro-  contribution to hippocampal plasticity. A previous publicatign
physiol 85: 2423-2431, 2001. Ongoing neurogenesis in the addfg\veq that the putative young neurons, located near |the
hippocampal dentate gyrus (DG) ge.neratesaS.UbStam'al.pOpmat'qng?liferative zone in the DG, produce Iong:term potentiatipn
young neurons. This phenomenon is present in all species examlf g ; ’

thus far, including humans. Although the regulation of adult neurék1P) more readily than the mature ones (Wang et al. 204
genesis by various physiologically relevant factors such as learni@e reason for the difference was the lack of GABAergic

(=}
~

and stress has been documented, the functional contributions of ithleibition in the young neurons, but likely other reasons were
newly born neurons to hippocampal functions are not known. Wtot determined. Due to a limited sampling power of intracag
investigated possible contributions of the newly born granule neuroggar recordings, the overall contribution of the young neurdng
to synaptic plasticity in the hippocampal DG. In the standard hiRgithin a much larger population of adult granule neurons wWas
pocampal slice preparation perfused with artificial cerebrospinal fl fficult to assess. In the present study, we used the fleRy
(ACSF), a small (10%) long-term potentiation (LTP) of the evoke tential recordings that can sample frorﬁ a larger numbef &f
field potentials is seen after tetanic stimulation of the afferent medfa? 9 p 9 =
perforant pathway (MPP). The induction of this ACSF-LTP is residl€urons. 15

tant to aN-methylp-aspartate (NMDA) receptor blocke,L-2-ami- Specifically, we examined LTP of field excitatory postsy
no-5-phosphonovaleric acid (APV), but is completely prevented @ptic potentials (EPSPs) in the terminal region of the meg
ifenprodil, a blocker of NR2B subtype of NMDA receptors. In conperforant pathway (MPP) in response to tetanic stimulation
trast, slices perfused with picrotoxin (PICRO), a GABA-receptathe afferent axons. We predicted that LTP induced in sl
blocker, revealed a larger (40-50%), APV-sensitive but ifenprodiberfused with a standard artificial cerebrospinal fluid (ACY
insensitive LTP. The ACSF-LTP required lower frequency of stimy-Tp) ought to be produced by primarily the young, uninhibitg
lation and fewer stimuli for its induction than the PICRO-LTP. Allnayrons since the mature neurons are strongly inhibited
these characteristics of ACSF-LTP are in agreement with the PrOPflase conditions. In contrast, in the presence of picroto

ties of the putative individual new granule neurons examined preyis .
ously with the use of the whole cell recording technique in a simiIXFICRO)' a blocker of GABAergic synapses, we expected

preparation. A causal relationship between neurogenesis and ac8ptain LTP contributed by both the mature and immaty
LTP was confirmed in experiments using low dose of gamma radideurons (PICRO-LTP).
tion applied to the brain 3 wk prior to the electrophysiological exper- The specific objectives of this study should be seen in li
iments. In these experiments, the new cell proliferation was drasticatlj the extensive body of evidence describing LTP within th&
reduced and ACSF-LTP was selectively blocked. We conclude tHaG of mature and developing animals. It has been established
the young, adult-generated granule neurons play a significant roletfitat the granule neuron excitation is strongly modulated [by
synaptic plasticity in the DG. Since DG is the major source of thg ABAergic synapses both in vitro (Wigstrom and Gustafsson
afferent inputs into the hippocampus, the production and the plasticit 83) and in vivo (Buckmaster and Schwartzkroin 1995;
of new neurons may have an important role in the hippocampgioser 1996). Induction of LTP in DG in vitro hippocampgl
functions such as learning and memory. slices is often difficult (Hanse and Gustafsson 1992; Nguyen
and Kandel 1996; Wigstrom and Gustafsson 1983) presumably
due to the strong GABAergic inhibition. However, in other
studies, using similar preparations, consistent induction of TP
It is now well established that the mammalian dentate gyrusas achieved (Bramham et al. 1997; Trommer et al. 1995).
(DG) produces a large number of neurons in adult individuaResults showing LTP in DG perforant path synapses in vivo
of all species examined, including rodents (Altman and Dase more consistent (Bramham et al. 1991a; Morris et al. 1986;
1967; Kaplan and Hinds 1977) and primates (Gould et &losten-Bertran et al. 1996). It is also generally accepted that
1999b). This adult neurogenesis is regulated by age (KuhnL&tP induction in MPP isN-methylo-aspartate (NMDA)-re-
al. 1996; Seki and Arai 1995), stress (Gould et al. 1997%eptor dependent in vivo (Morris et al. 1986) and in vitfo
exercise (van Praag et al. 1999), learning (Gould et al. 1999@)rommer et al. 1995).
and seizures (Parent et al. 1997). One outstanding issue is thBossible differences between the mechanisms of LTP induc-
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tion between the lateral (LPP) and medial divisions of theonfirm that the effects of neurogenesis on synaptic plasticity are

perforant pathway have been described with some studiiggted to the Wistar strain. Animals were individually housed on 14 h

(Bramham et al. 1991b) claiming NMDA independence arlight/dark schedu]e and used at 11:00-12:00 a.m. during the |
others disputing this evidence (Hanse and Gustafsson 19832se. All experiments were conducted according to the proto
Xie and Lewis 1991). The results from different studies may

reconciled if the differences in the synaptic interactions bg

We report here that in hippocampal slices there are tvidndred-micrometer-thick hippocampal slices were prepared o

pharmacologically and physiologically distinct types of LTP itissue chopper and incubated at least 1.5 h in a holding chambgr af

MPP, consistent with the presence of young and mature pepem temperature prior to experiments. For electrophysiological
ulations of neurons. Preliminary account of these results rgsdings, the slices were transferred into a perfusion chamber

been published and presented in an abstract form (Snyder ¥j§#ed with a dissecting microscope. All experiments were done
Wojtowicz 2000). slices maintained in vitro for 2—8 h. Generally, only one slice per

was used for each type of experiment except for several experim
like those illustrated in Fig. 1, where LTP was measured twice in
METHODS same slices. These experiments were done to demonstrate as

. features of LTP as possible, in a most comprehensive manner.
Subjects

Experiments were performed on 60- to 70-day-old male Wistar ral%ectrophysmlogmal recordings and LTP induction

(320-360 g) obtained from Charles River. In several experiments, weThe field potential recordings were obtained in the medial mol
also used Long-Evans rats of similar size also from Charles Riverutar layer of the dentate gyrus on stimulation of the medial perfor
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Fic. 1. Time course of an experiment illustrating 2 types of long-term potentiation (LTP) in a single slice. Sample field
excitatory postsynaptic potential (fEPSP) traces before (—) and after tetanizatioh ére shown in thénset Each point in the
main graph shows the average slope of the fEPSP in the middle molecular layer in response to slow (1/20 s) stimulation. APV (50
M) was perfused for 10 min prior to the tetanic stimulation with 4 100-Hz trains (TET) and switched off 1-2 min afterward. The
20% enhancement [artificial cerebrospinal fluid (ACSF)-LTP] of fEPSPs is seen for at least 30 min without any decline before
application of 50uM picrotoxin. Sample traces before and 30 min after tetanization are shown on the left sidein$ahe
Picrotoxin produced a slight increase of the fEPSP slope as seen on the graph and in comparirtge left and — on the right
in the inset. An enhanced population spike was also clear in the presence of picrotoxin. The 2nd tetanus, applied at 80 min in
presence of picrotoxin and APV, did not have a significant effect. The 3rd tetanus applied without APV produced a large posttetanic
potentiation that declined within 5-10 min to a more stable “plateau” (PICRO-LTP).

proved by the University of Toronto Animal Care Committeg.
ices were prepared according to the procedures used previoudly in
. . . ! .-our laboratory (Wang and Wojtowicz 1997; Wang et al. 2000).
tween the in vitro and in vivo preparations are taken intgyiefly, the rats were anesthetized with halothane and decapitdted.
account (Bramham and Sarvey 1996). The brains were removed and the hippocampi were dissected. Hour{
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pathway. Baseline recordings were obtained by electrical stimulatioells was measured stereologically by examining every 18th section

in the middle region of the molecular layer. Stimulation was pefrom the complete left hippocampus in each animal using an opt

formed with insulated bipolar tungsten electrodes with tip diametedéssector method (Coggeshall 1992). The contralateral right hip-

of approximately 40um. Input-output curves were obtained afteppocampus was used for electrophysiology.
20-30 min of stable recordings. The stimulation intensity that pro- The collapsin response mediator protein (CRMP-4; forme
duced a half-maximal response (300—408, 10-20us) was chosen known as TOAD-64) immunoreactivity is a histological marker f

for test pulse and tetanic stimulation. Only those slices which prgeung neurons (Kee et al. 2001; Quinn et al. 1999). The cell bodief of

duced the field excitatory postsynaptic potentials (EPSPs) of 1 mVthe CRMP-4" neurons are located in the well-defined innermost lay

higher in amplitude were accepted for experiments. The baseliokthe granule cell layer and in the subgranular zone bordering |the
frequency of stimulation was 1 per 20 s. During the experiments, thdus. For quantification, we included the neuronal counts within fhe

slices were continuously perfused with the artificial cerebrospingtanule cell layer and in the subgranular zone of approximatey20
fluid (ACSF) bubbled with 95% ©5% CO, at the rate of approxi in width. We quantified the density of CRMP=£ells in the follow
mately 3 ml/minute. The temperature in the perfusion chamber wiag manner. Beginning at one-third into the hippocampus from

kept at 30-32°C. LTP was induced with a protocol developed prewersal end, every 15th section was analyzed to a total of 4 sectipns,
ously (4 trains, 500 ms each, 100 Hz within the train, repeated evélflige number of the CRMP-4 cells in the selected sections wals

20 s). The stimulation intensity was kept at the baseline intensity at aleasured using an optical dissector method. The volume of
times (Wang and Wojtowicz 1997). Two other modified inductiogranule cell layer in the sampled sections was measured, and

protocols were used to measure the LTP induction threshold. Themmsity of CRMP-4 cells was calculated as the ratio of the totfl

included two trains instead of four and 50 Hz instead of 100 Hz. In alumber of the cells to the volume sampled.
experiments, the number of stimuli within a train remained constant

at 50.
RESULTS

Application of pharmacological blockers Two types of LTP in a single slice

Picrotoxin (501.M) was applied to the perfusate 15-20 min priorto |n a representative experiment, the slice was perfused |
the induction of LTP. Ifenprodil was obtained from RBI in a watel\CSE and the MPP was stimulated in the middle third of t
soluble-tartrate-form and from Tocris in a water insoluble form. Inthlermlecular layer of the dentate gyrus with a brief electrid

latter case, ifenprodil was dissolved in DMSO and later diluted in . " - .
ACSF with the final concentration of DMSO of 0.1%. At this Ievelf‘gmse required to evoke a field potential (fEPSP) in the gran

DMSO had no noticeable effects on either baseline responses or Lfguron dendnte;. A low rate of Stlmwatlo.n (1 StImUIUS(Z(.)
In either case, ifenprodil was applied a8 for 15 min prior to LTP Was used to avoid the frequency depression characteristig

induction and produced the same results. Several attempts to wH¥g Pathway (McNaughton 1980). In a standard protocol, L
ifenprodil from the slices for 60 min were apparently unsuccessfovas induced by four trains of 100-Hz pulses, lasting 500
There was no reversal of the LTP blockade. Nimodipine and nifedtach, applied every 20 s. This tetanic stimulation produc
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pine (Calbiochem) were dissolved in DMSO prior to experiments ainall (approximately 10%) but consistent LTP lasting at le
diluted with ACSF to yield the final concentrations of 10 andid@ 30 min (Fig. 1). Subsequent addition of & picrotoxin into

respectivelyp,.-2-amino-5-phosphonovaleric acid (APV) and—)-  the perfusate produced effective disinhibition of the slice g
2-amino-5-phosphonovaleric acid (Sigma) were dissolved directly Hlowed the induction of additional, larger LTP (40—60%) wif

ACSF. In most experiments,L.-APV at 50 uM was used, but the : . - - . R
identical results were obtained with a1 b-APV, so the results from the identical tetanic stimulation. Also shown in Fig. 1 and ful

ith both d led.
With both compounds are poole of the two LTPs to the NMDA receptor blocker, APV. Th

L . ACSF-LTP was resistant to the application of BM APV in
Irradiation experiments

Rats (42 days old) were anesthetized with sodium pentobarbital (6f® same dose. Several € 4) experiments were done with
mg/100 g body wt), wrapped in a lead shield that left the heatiree tetanic stimulations applied to the same slice in sequg
exposed, and placed in the gamma irradiating chamber (MDS, Niri- different conditions as shown in Fig. 1. However, in tf
dlgn, Kanata, Ontarlo). The procedure was repeated on tWOIConSﬁf‘ajority of experiments shown in the fo"owing text we app“e
utive days at the dose of 5 Gy for a total dose of 10 Gy following thg ly one tetanus per slice. Results were the same in &

wgre

previously described studies of (Parent et al. 1999; Peissner et ; )
1999). Subsequently, the irradiated animals and sham controls tocols suggesting that ACSF-LTP had no effect on suf

placed back in their cages and kept in the animal facility for 3 wk. O uent PICRO-LTP.

the day of the experiment, two hippocampi were dissected as de-

scribed in the preceding text, with one side used for preparation Rharmacological properties of two LTPs

hippocampal slices for electrophysiological experiments and the other

for immunolabeling of mitotic cells. For immunohistochemistry, the Ifenprodil (3 wM), a blocker of NR2B/NMDA receptor

tissue was fixed in 4% paraformaldehyde by immersion and furthenbtype (Chenard and Menniti 1999; Kirson and Yaari 1996;

processed for 5-bromo-2leoxyuridine (BrdU) or CRMP-4 immuno- Tovar and Westbrook 1999) completely blocked the ACS
histochemistry as described previously (Kee et al. 2001; Scott et gip hyt not PICRO-LTP (Figs. 2 and 3).

1998). Three days prior to the dissection the animals were injecte
intraperitoneally with a mitotic indicator, BrdU (Sigma), three time

every 4 h for a total dose of 300 mg/kg. BrdU immunoreactivity wa ; . .
detected in 4Q+m hippocampal sections using a procedure describ SF-LTP was relatively resistant to APV, it was blocked

previously (Scott et al. 1998) and viewed with a fluorescent ot #M ifenprodil, a blocker of the NR2B/NMDA recepto
confocal microscope. The tissue from three irradiated and three shg#btype. In contrast, PICRO-LTP was fully blocked by A

ized in Fig. 3. These experiments showed that althou

animals was processed for immunohistochemistry to measure the t6tat not by ifenprodil. Because, at higher concentrations, ifgn-
number of the mitotic cells using BrdU. The number of BrdU-positiverodil was reported to block the L-type calcium channgls

documented in subsequent graphs are the different sensitivi

the perfusate, whereas the PICRO-LTP was fully blocked wi

4The results of the pharmacological experiments are summa-|
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FiG. 2. Effect of ifenprodil (IFEN), NR2B receptor blocker, on LTPop

ACSF-LTP induced in control solutionof and in the presence of aM

Ifenprodil (). Bottom PICRO-LTP in absencee} and presence of M 2x 100 Hz g
. . h : . ! 200 —O— ACSF s
ifenprodil @). The mean time course of 6 experiments in each group is shown. \j/ ®— Picroioxi 5
Standard errors are indicated. The sample traces were taken from representa- 180 N icrotoxin o
tive experiments in each group to show the baseline (—) and the potentiated 160 8
() fEPSP responses. 140 o
(Church et al. 1994) and some forms of LTP are dependent on - 120 g
the L-type channels for induction (segscussioN, we also = 100 -
tested whether ACSF-LTP is blocked by the selective L-type @ ! I T l ‘ S
channel blockers nifedipine (30M) and nimodipine (1QuM). @ 0 10 20 30 40 %
However, in a series of several such experiments, we have seen % =)
no effect by either blocker. The mean ACSF-LTP induced in & 4 x 100 Hz S
the presence of L-channel blockers was 108.8SE) 2 f = a 200 Q/ B
7). This is not different from the control values presented in 2 180 Qa
Fig. 3. Thus it can be assumed that ifenprodil acted by a B 160 S
selective blockade of the NR2B/NMDA receptors. 140 P
_ . 120 35
Frequency requirements and time course of two LTPs 100 o
. . N
We also tested some of the stimulus parameters required for ! ' ' ' ' =
induction of the two types of LTP. These experiments showed 0 10 20 30 40 ©
Ti .
PICROTOXIN ime (min)
180 —
160
T 140 | ACSF 200 — PICR04X
£ 120 - . ACSF %
(723
I 100
. 150 4 ,x  4x 2X
X 80
o 60 -9 T -
~ . ..
20 X
0 50
CON APV IFE APV IFE CON
Fic. 3. Two LTPs can be distinguished pharmacologically. Summary of 0
experiments with each bar representing the magnitude of LTP measured 25-30
min after tetanization under different conditions.(with SE), experiments  Fic. 4. ACSF-LTP requires fewer trains for induction. The graphs sh¢w
done in normal ACSFg, those done in presence of pM picrotoxin. Data the time course and magnitudes of the 2 LTPs induced by 2 or 4 trains at|{100

shows that the ACSF-LTP (109 1.5%,n = 6) was blocked by ifenprodil
(99.9+ 1.6%,n = 7) but not by 5QuM APV (115 * 3.5%,n = 6). In contrast,
PICRO-LTP (143* 11.7%,n = 5) was blocked by APV (104- 3.5%,n =
5) but not by ifenprodil (154.5- 10.0%,n = 6). Two-way ANOVA followed

by a Bonferroni's test for comparison among groups confirmed that thels€P requires at least 4 trains for induction whereas ACSF-LTP requires gnly

effects were statistically significanP (< 0.05, *).

AND J. M. WOJTOWICZ

that fewer high-frequency trains are needed for the induction of
ACSF-LTP than for the induction of PICRO-LTP (Fig. 4].
Similar series of experiments established that ACSF-LTP ¢an
be fully induced by 50-Hz trains in comparison to 100-Hz
trains required for PICRO-LTP (confirmed statistically with
ANOVA test followed by a pairwise comparison amorig
groups,P < 0.05,n 6 in each group). Together, thes
experiments show that ACSF-LTP is relatively easier to

duce. The two LTPs had different time courses of express
with the ACSF-LTP maintaining its magnitude for the duratign
of the recording and PICRO-LTP showing a decline (Fig.

The contrast between the two was particularly clear when
ACSF-LTP was isolated pharmacologically by the addition
APV, and PICRO-LTP by the addition of ifenprodil (Fig. 5)

]

Inhibition of ACSF-LTP by cranial irradiation

It has been shown previously that neurogenesis in the PG
can be prevented by low doses of cranial ionizing radiat
(Parent et al. 1999). We have used this method to determire if

a causal link between neurogenesis and ACSF-LTP can

o
D

Hz. The graph below summarizes the data. The magnitude of LTP at 25-30
min posttetanus was taken in each case. Only the PICRO-LTP induced py 4
trains was significantly different from the other treatments (ANOVA followq
by pairwise comparison among groups< 0.05). Results show that PICRO

o

2. Each group included 5 experiments (5 slices from 5 animals).
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200 1 required to evoke half-maximal fEPSPs in DG of irradiat¢d
© animals fell in the range of the control values (segHoDs).
._% 180 1 PICROTOXIN & IFENPRODIL Finally, we compared the magnitude of LTP in the CA1 fiefd
Q of the hippocampus induced by stimulation of the Schaffer
@ 160 collateral/associational pathway (same stimulation protoco| as
"2 for DG) and found no difference between the control ahd
S 140 irradiated animals (12% 2 vs. 122.5+ 4.9%,n = 3, P >
o ACSF & APV 0.05)_. In summary, we foun%lghﬁt (tjhe furjctiolna! prolfile or:t eh
v 120 A putative young neurons established previously, i.e., low thrgsh-
A %‘%M%%%%%%%%%H old for LTP induction, stable course of LTP expression, ahd
= 100 S@BODBEB@@ o insensitivity to GABAergic inhibition (Wang et al. 2000), als
A applies to ACSF-LTP in DG. The effects of irradiation and pf
80 TET ; ‘ ., the pharmacological blockers further strengthen the hypothesig
10 20 30 40 that this new type of LTP originates from the young neurons.
Time (min)
DISCUSSION
FIG. 5. PICRO-LTP and ACSF-LTP differ in time course of expression. In
all cases, LTP was induced by a standard tetanic protocol (TET). ACSF-LTIVO groups of neurons or two sets of synapses?
was induced in presence of APV and showed a steady magnitude from s . .
the time of indEction. PICRﬁc()D{lLTP was induced in the gresegnce o8 The strong GABAergic inhibition in the DG of the hip
ifenprodil. It showed a strong posttetanic potentiation and a gradually declinip@campus has been described both in slices (Wigstrom fand
LTP. Each group included 7 experiments (7 slices from 7 animals). Gustafsson 1983) and in vivo (Moser 1996). We have dgle-
) . . ) scribed a new form of LTP in the DG that can apparen Ig
established. By preventing new cell proliferation and condug§yercome this inhibition. We further propose that this ne\&
ing electrophysiological experiments after a dwell time of AcSF-LTP originates from a separate population of neurgis
wk, we eliminated new cells that would have been born duringassified as young, adult-generated granule neurons. An alt&r
that time. In three control and three irradiated animals, Wgytive hypothesis, that the two LTPs are induced at differkit
confirmed stereologically that there were few mitotically activgetg of synapses in the same population of neurons, is unlik&yj
cells present using the BrdU as a mitotic indicator (Fi§).6 since in such case the GABrgic inhibition, acting predom | 3’
The total number of BrdU cells was reduced from 2,315  jnantly on postsynaptic receptors, would be expected to affegt
863 (mean* SD,n = 3) in controls to 737+132 (1 = 3) in  poth equally. Instead, picrotoxin, a GABAeceptor blocker, | S
(P < 0.05). We also measured the density of the immature celfgted that in all experiments, the same populations of synapsgs
using CRMP-4 as a marker. In normal, control animalycated in the medial region of the granule cell dendrites, wire
CRMP-4 labels the immature neurons, which span ages frorg@nulated, so a differential degree of GABAergic inhibition di&
few days up to 5 wk of age (Kee et al. 1999). Their densityfifferent dendritic regions influencing the two sets of synap$es
mm?° of the granule cell layer was reduced from 48,243351 s njikely. Finally, the presence of two distinct populations pf

(mean+ SD,n = 3) in controls to 25,301 1153 @ = 3) in  neyrons, one with strong and the other with weak GABAergg.

the irradiated animals (Fig./9. The remaining CRMP-4- jnhibition, has been demonstrated with single-cell recordir
positive cells are likely to be more than 3 wk old since thgyang et al. 2000). These putative young neurons occupy g
iradiation was done 3 wk prior to the labeling, but the addthe innermost (next to hilus) of the six-seven layers of gran
tional young neurons born after the irradiation were alsgeurons (approximately 15% of the total population). Nev
present since the reduction of the mitotic activity was Nefeless, if all these individual neurons produce a unifor
complete. In all other irradiated rats, the effects of irradiatiogtaple LTP of about 60%, approximately 9% enhancemen
on the mitotic activity appeared similar but were not quantifieghe total fEPSP sampled from young and old neurons toget

stereologically. The electrophysiological measurements @buld be expected in slices. This is reasonably close to
LTP on six irradiated rats showed unequivocal reduction fyerage of 10% LTP seen in our experiments.

ACSF-LTP (Fig. 8). The potentiation of fEPSPs immediately
after the tetanic stimulation was not changed nor was t
baseline amplitude of the response or their paired pulse de
pression at the 40-ms interval (FigB6insej. The mean of  Previous studies on slices have produced mixed resultg
PICRO-LTP in the controls was 135 9.6% f = 6). Thiswas garding the magnitude and induction requirements of M

mparison with previous studies

rly
f8
et
m!
of

her,
the

re-
PP

reduced to 13 5.6% ( = 7) after irradiation, but the changeLTP. In a majority of studies (but see Bramham et al. 1997)

To examine the possibility that the absence of ACSF-LT&tandard ACSF bath (Hanse and Gustafsson 1992; Nguye
was due to an unspecific effect such as an enhanced inhibititendel 1996; Wigstrom and Gustafsson 1983), leading m
within the DG, we measured the paired-pulse depression eXdperimenters to turn to pharmacological disinhibition ag
field EPSPs in the two groups of rats. The second EPSP withoutine procedure necessary to study DG LTP (Beck et

was not statistically significan®P(> 0.05). is found that only a small amount of LTP can be obtained :_Ia

the pair was typically reduced in control animals (Fig)®y 2000; Colino and Malenka 1993; Motro et al. 1996). Thi

7.8 = 2.8%. The magnitude of the depression was similaisinhibition may block LTP in very young neurons, which a

it

an
ny
a
al.
is
e

(6.7 £ 3.2%) in the irradiated animals, ruling out the possibithought to possess depolarizing inhibitory postsynaptic poten-

ity of enhanced inhibition. Furthermore the stimulus intensitiggls (Ben-Ari et al. 1997), making their contribution to th

e
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B (HIL) and granule cell layer (GCL) were
CONTROL clearly reduced in the animals examined B
0.0 wk after irradiation. B: time course of
1.0 ACSF-LTP in control ¢) and irradiated ()
170 ; i i
animals 6 = 6). Note that a short-lasting
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3.0 ot in the irradiated animals, suggesting p
160 E healthy state of afferent axons, their term¢
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o 2.0 theinsetwere taken from representative ex 2
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FIG. 6. Cranial irradiation reduces neuro
genesis and ACSF-LTFA: the densities of
CRMP-4" young cells and BrdU mitotic
cells (=) lining the border between Hilus

overall fEPSP LTP undetectable. Such effect could explain oexperimental conditions, as mentioned in the preceding t

results showing no reduction of PICRO-LTP by ifenprodil andan account for this discrepancy. It is important to note thaf i

no residual LTP on addition of APV in presence of picrotoxinivo LTP, which may be more closely related to a natu
(Figs. 2 and 3). learning environment, doesn’t require disinhibition. This m
Complicating the issue and contrary to our results, greatgnify the young neuron’s greater ability to contribute

DG LTP has been shown in the inhibited slice preparatidearning processes as compared with more mature neurors.

(Bramham et al. 1997; Trommer et al. 1995). Furthermore the
magnitude and reliability of DG LTP shown by Trommer et alyqyction of ACSF-LTP requires presence of young neuro
(1995) depended significantly on the type of recording cham-
ber used, demonstrating the influence of experimental condi-The block of ACSF-LTP after irradiation suggests strong
tions. Apart from these technical differences, it is plausible thttat this new type of LTP is produced by the young, adl

pXt

al
Ry

the variability in ACSF-LTP may be due to differences igenerated granule neurons (Fig. 6). Since the time inte
animal species and strains used since it is clear that molsdween the irradiation and the electrophysiological exp
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should be noted that not all CRMP-4eurons were eliminated ACSF-LTP may be longer lasting
by the irradiation. This is not surprising since the survival

period of 3 wk allows for the presence of aduIt—generatelg
young neurons that were born before the irradiation. Tra%

numbe_r of mitotic, BrdU cells 3 wk after irrgdiation WaS ACSF-LTP is reminiscent of the LTPs in the hippocampi pf
approximately 30% of the control. The functional status Gfyenile rats measured in the hippocampal CA1 area in vjvo
these new cells born after irradiation is not known. (Grover and Teyler 1994) and of LTP in transgenic mite
artificially endowed with NR2B receptors (Tang et al. 1999) | It
should also be pointed out that the characteristics of the ACBF-
LTP, i.e., low threshold and stable time course, closely res¢m-
ble those of the LTP in the putative young neurons descrithed
ACSF-LTP is characterized by a relatively low threshold fopy Wang etal. (2000). These physiological characteristics were
its induction as determined by fewer trains and lower frequefi@roborated by the morphological appearance of the dendfitic
cies of stimulation within the trains. How can this property biE€€ and the relative paucity of dendritic spines on the yoyng
explained? The induction of ACSF-LTP apparently requirdsurons, again the common characteristic of the young neufons
activation of NR2B/NMDA receptor subtype that is known geen the developing brain.
be present in the developing brain but is largely replaced by the ) ,
NR2A/NMDA subtypes during maturation (Monyer et alConsequences for hippocampal-dependent learning
1994; Williams et al. 1993). Although some NR2B immuno- Functional contributions of the young neurons may be pr-
labeling persists in the adult brain of mice, its highest levels agigularly significant in vivo where the GABAergic inhibition of
present at 15-21 days postnatal (Okabe et al. 1998), apprakie granule neurons within the DG is strong and paradoxicg§
mately the age of the neurons that we think are responsible &thanced during exploration by the animals (Moser 1996){ &
b
:
b
I

Further evidence for a different mechanism of the two LTPs
presented by the data shown in Fig. 4, showing differg¢nt
cay times for the two phenomena. The steady time course of

Induction of ACSF-LTP requires a young type of NMDA
receptors

ACSF-LTP (see the preceding text). We are not aware of amgw of the evidence for a crucial role of the intact DG, and
reports of ifenprodil blocking LTP in any other brain regionthe MPP in particular (Ferbinteanu et al. 1999), in spa
and preliminary data with another blocker of NR2Blearning, one may wonder if the relatively uninhibited a
CP101,606 showed no effect in CA1 region of the hippocarplastic young neurons play a major role in the hippocam
pus (Weber et al. 1999). One characteristic of the NR2©ependent learning. The artificially induced LTP is not

NMDA receptor-channel complexes is their prolonged openirggcurate model of learning (Atwood and Wojtowicz 1999),

and the resulting large calcium influx into the cytoplasm. Th@long-lasting synaptic change of this type, occurring in vivo
characteristic could account for the lower threshold of ACSH Seléective group of neurons, may be (Trommald et al. 19
LTP induction as compared with PICRO-LTP, presumabilghe 'dlscqvery_of adult nNeurogenesis and its regulation
requiring NR2A/NMDA receptors. The differential effects of?ySiclogical stimuli suggest a possible role of new neuron

APV and ifenprodil on the two LTPs support this explanatiorla.eglri?;ngf gr?eo%jur?; ﬁléulrg?](i% ;ggiﬁgufpgydgggr To)r(g/es?gl r;l
The approximately twofold higher affinity of APV toward theical conditions in slices may be related to the proposed rol

recombinant NR2A/NR1a, as cgmpared with NR2B/NR1la r Je dentate gyrus in learning.
ceptors, has been reported (Priestley et al. 1995). Our resul §\Ithough LTP is currently the best cellular model for hig-X
suggest that this selectivity is greater for endogenous, presWpampal-dependent, spatial learning, the exact contributiofir
ably heteromeric, receptors in the DG since the APV at thgig phenomenon to learming is under debate. The NM I
concentrations sufficient to completely block PICRO-LTP hagceptor blockers appear to prevent only the initial, pretrain|ng
no effect on ACSF-LTP. This selectivity cannot be regarded ghase of the water maze task, frequently used to test for sphtia
absolute and it is possible that higher§0 uM) APV concen- |earning (Bannerman et al. 1995; Saucier and Cain 1995).
trations will block ACSF-LTP. Recent results suggest that this effect is not likely due to sqme
The lack of sensitivity of ACSF-LTP to dihydropyridines,nonspecific effects of the blockers because the saturatiof of
nifedipine and nimodipine, rules out the contribution of theTP by prior electrical stimulation of the perforant pathway
high-voltage activated L-type calcium channels in this phelisrupted learning in naive but not in pretrained animals ({Qt-
nomenon although some other forms of LTP in other braimaess et al. 1999). In future studies, the possible contributions
regions have been reported to rely on L-type channels (Cavafghe newly generated neurons within the DG to learning gnd
and Teyler 1996; Weisskopf et al. 1999). In the hippocampusemory could be examined given the data on their plastigity
the presence of L-type channels increases with age (ThibaRigsented in this report.
and Landfield 1996), making their significant contribution to
calcium influx in old neurons, not young ones, more Iikelyr. c\i,i\;etic::acnhkaralrﬁegl C. Zuniga-Pflucker for generously providing a gama
Thus the _pharmacologlcgl characterlstlcs of ACSF-LTP su “This research Wés supported by the Canadian Institutes for Health Resefrch
gest that it originates primarily from young, adult generated
granule neurons, while the PICRO-LTP may be mostly due 19 cERENCES
the mature neurons. This result is in agreement with the recent o _ _
data reported by Christie et al. (2000), who observed Iowéqg"gg‘ Jl’*l“(‘)DlDf;;D- Postnatal neurogenesis in the guinea Nigiure214:
threshold for LTP induction in animals with enhanced rate Q\fTWOOD HL AI:ID WOi]TOWICZJM. Silent synapse in neural plasticity: curre
adult neurogenesis induced by running. evidence Learn Mem6: 542-571, 1999,
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