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ABSTRACT: It has previously been shown that the median ra-
phe nucleus (MR) is a source of pronounced projections to the
septum and hippocampus. The present study examined collat-
eral projections from MR to the medial septum (MS) and to
various regions of the hippocampus. The fluorescent retro-
grade tracers, Fluororuby and Fluorogold, were injected into
the septum and hippocampus, respectively, and the median
raphe nucleus was examined for the presence of single- and
double-labeled neurons. The dorsal raphe nucleus (DR) was
also examined for the presence of single- and double-labeled
cells and comparisons were made with the MR. The main find-
ings were: (1) pronounced numbers of retrogradely labeled cells
(approximately 50 cells/section) were present in MR with injec-
tions in the MS or in various regions of the hippocampus; (2)
approximately 8-12% of MR cells were double-labeled follow-
ing paired injections in the MS-CA1, MS-CAS3, and MS-dentate
gyrus of the dorsal hippocampus, the lateral MS-dentate gyrus,
and the MS-ventral hippocampus; (3) single- and double-la-
beled cells were intermingled throughout MR and present in
greater numbers in the rostral than caudal MR; and (4) signifi-
cantly more single- and double-labeled cells were present in
MR than in DR with all combinations of injections. These find-
ings demonstrate that MR projects strongly to the MS and
hippocampus, and that a significant population of MR neurons
(8-12%) sends collateral projections to both sites. It is well
established that the MR nucleus serves a direct role in the
desynchronization of the electroencephalographic (EEG) activ-
ity of the hippocampus— or the blockade of the hippocampal
theta rhythm. The MR neurons that we have identified with
collateral projections to the septum and hippocampus may be
critically involved in the modulation/control of the hippocampal
EEG. A role for the MR in memory associated functions of the
hippocampus is discussed. © 2001 Elsevier Science Inc.

KEY WORDS: Dentate gyrus, Brainstem, Serotonin, Memory,
Locomotion.

INTRODUCTION

terminate selectively within the medial septum-vertical limb of the
diagonal band nucleus (MS/DBvV) and lateral aspects of the lateral
septum, while those to the hippocampal formation (HF) predom-
inantly distribute to stratum lacunosum-molecular of Ammon’s
horn, and to the granule cell layer and immediately adjacent inner
molecular layer of the dentate gyrus (DG).

An extensive body of evidence indicates that the MR is directly
involved in the modulation/control of the hippocampal electroen-
cephalogram (EEG), specifically states of hippocampal desynchro-
nization. It has been shown that: (1) MR stimulation desynchro-
nizes the hippocampal EEG [4,23,31,51]; (2) MR lesions generate
continuously ongoing theta activity [33,67]; and (3) injections of
various pharmacological agents into MR that either inhibit the
activity of MR cells [20,23,56,61] or reduce excitatory drive to
them [19,50] produce theta at short latencies and for long dura-
tions. Based on their findings [23,61] that the activation or sup-
pression of MR desynchronizes or synchronizes the hippocampal
EEG, respectively, Vinogradova and colleagues [23] concluded
that: “the median raphe nucleus can be regarded as a functional
antagonist of the reticular formation, powerfully suppressing theta
bursts of the medial septal area neurons and the hippocampal theta
rhythm”.

The desynchronizing actions of the MR on the hippocampal
EEG appear in part to be mediated by the MS/DBv. Assaf and
Miller [4] demonstrated that MR stimulation both disrupted the
rhythmical discharge of the septal pacemaking cells and desyn-
chronized the hippocampal EEG, while Kinney et al. [21] showed
that injections of the 5-HJ, agonist, 8-OH-DPAT, into MR
activated septal pacemaking cells and generated theta. In addition,
it has been shown that 5-HT MR fibers selectively contact and
form asymmetric (excitatory) [49] connections with GABAergic
cells of the MS/DBV [28], and that 5-HT excites putative GABAer-
gic cells of the MS/DBv which, in turn, inhibit subsets of theta
pacemaker cholinergic/GABAergic neurons of the MS/DBv [2,27,
29,30]. These findings suggest a 5-HT MR activation of GABAer-
gic MS/DBv neurons and a subsequent suppression of septal

The median raphe nucleus (MR) is a major serotonergic cell grougsABAergic/cholinergic pacemaker cells in the desynchronization
of the brainstem [14,18,48,57], and is a source of pronounce®f the hippocampal EEG.
projections to the septum and hippocampus [5,7,26,36,38,55,59, Although it appears that the effects of the MR on the hippocam-

66].

pal EEG are primarily routed through the MS/DBv, the MR may

In a recent examination of MR projections in the rat using exert direct actions on the hippocampus, or possibly even dual
PHA-L [59], we showed that MR fibers distributing to the septum actions on the septum and hippocampus, in the desynchronization

* Address for correspondence: Dr. Robert P. Vertes, Center for Complex Systems and Brain Sciences, Florida Atlantic University, Boca Raton, FL
33431, USA. Fax+1-(561)-297-2363; E-mail: Vertes@walt.ccs.fau.edu

619



620 MCKENNA AND VERTES

of the hippocampal EEG. MR projects strongly to the hippocam-microtome, and every sixth section was mounted from PBS onto
pus [36,38,55,59,66] and MR fibers innervating HF, like those tochrome-alum gelatin-coated slides, and cover slipped using DPX.
the septum, predominantly contact GABAergic interneurons [11,Slides were dried overnight in the dark at 4°C and subsequently
13,17], which, in turn, suppress principal cells [10] of the hip- viewed with a Zeiss fluorescent microscope using appropriate
pocampus. Vinogradova et al. [61] recently demonstrated thafilters for FG (excitation, 350-395 nm; emission, 530—600 nm)
microinjections of lidocaine in MR increased the regularity andand FR (excitation, 540-560 nm; emission, 580 nm). An adjacent
frequency of discharge of both septal and hippocampal neurons &ries o_f sections from each rat was stained with cresyl violet for
well as increased the percentage of them showing theta rhythmic@natomical reference. ) -~
ity and generated persistent theta. Slngle-labeled neurons were |den.t|f|ed by the presence of FG or
To further explore the role of MR in the modulation/control FR in cells; both tracers generally filled the soma as well as the
of the hippocampal EEG, we examined possible collateral proProximal dendrites of cells. Double-labeled neurons were identi-
jections from MR to the septum and hippocampus. Specificallyfied by the presence of both fluorescent tracers in cells as deter-

we examined numbers, percentages, and locations of: (1) MRMNEd by viewing the cells with both filter sets (FG and FR); i.e.,
cells projecting to either the MS/DBV or to the hippocampussw'tCh'ng between sets of filters. Labeled cells were plotted on a

(single-labeled neurons); (2) MR cells with collateral projec- representative series of schematic transverse sections throughout

tions to the MS and to various regions (CA1, CA3, DG) of the the pon_s/_midbrain [.47.]' Mat_erial judged pa_rticularly us_eful for
dorsal hippocampus; (3) MR cells with collateral projections to fﬁ?ﬁ;ﬂf&%g 'T’Ik?gf)(lzlgr?tr%zltm:n%f tfﬁ;gﬁ;'!“ﬁ}r?ﬁid yg{trr(;gprgg_ely
MS and DG-CAL1 area of the ventral hippocampus; and (4) MR . X X

cells with collateral projections to the lateral aspect of the!sahboeged FG cells of Fig. 4A were enhanced using Adobe Photo-
medial septum (LMS) and DG. In addition, we examined the ’

dorsal raphe nucleus for the presence of single- and double-

labeled cells following the same series of injections both for RESULTS

comparisons with MR and to determine possible collateral

dorsal raphe (DR) projections to the septum and HF involved inlnjections of Fluorescent Retrograde Tracers in MS and CALl of
DR-associated functions. the Dorsal Hippocampus

A principal finding was that approximately 8—-12% of MR cells |pjections of fluorescent retrograde tracers in the MS and CA1
project, via collaterals, to MS/DBv and the hippocampus. Thesgyere made in 10 rats. The FR injections were confined to the
MR cells may exert dual actions on the MS/DBv and HF, possiblymedial MS, while FG injections were positioned along the medio-
involved in the desynchronization of the hippocampal EEG. A|ateral axis of CA1 of the dorsal hippocampus.
preliminary report has been published previously [34]. Figure 1 schematically depicts the pattern of distribution of
single- and double-labeled cells in MR and DR for one rat (case
58) following injections in MS and CA1. As shown, single- and

MATERIAL AND METHODS double-labeled cells were: (1) intermingled in MR; (2) extended

Forty-six male Sprague-Dawley rats (Charles River, Wilming- dorsoventrally throughout MR; and (3) were predominantly local-
ton, MA, USA) weighing 250—400 grams were injected with ized to medial regions of MR. Interestingly, there were greater
combinations of the fluorescent retrograde tracers, Fluororuby [42umbers of FG (CA1) than FR (MS)-labeled cells at rostral (Fig.
(TMR-DA, 3,000 MW; Molecular Probes, Eugene, OR, USA) and 1A) and caudal (Fig. 1C) levels of MR, but considerably more FR
Fluorogold [41] (Fluorochrome, Denver, CO, USA) into the sep-than FG-labeled cells at the intermediate MR (Fig. 1B). The
tum and hippocampus, respectively. These experiments were afajority of double-labeled cells were located in the rostral one half
proved by the Florida Atlantic University Institutional Animal O M! .

Care and Use Committee and conform to all federal regulation% Figure 2 depicts a double-labeled cell at the rostral MR at two

and National Institutes of Health guidelines for the care and use o VelS Of magnification for case 58. As shown, the morphological
laboratory animals. characteristics of this MR cell, including proximal processes, are

Fluorogold (FG) was dissolved in 0.9% normal saline to yield i(clizgnticggvlg?en retrogradely filled with FG (Figs. 2A,C) or FR
‘ o, ; h (Figs. 2B,D).
a concentration of 4.0%; Fluororuby (FR) was dissolved in phos Table 1 summarizes the findings for ten cases with injections in

pha_te buffered sal_ine (PBS) to yield a concentration (.)f 10.0%. Inl\/IS and CAL. Values represent averages over three rostral-caudal
s_odlum pentob_arbltal ?”eSthet'Zed rats,_FG ((M):ilvas_ injected levels of MR/DR. The mean number of single-labeled cells/section
via a 1_#I I_—|am|Iton syringe into four regions of the hlppocampal in MR was 50.6+ 17.26 with MS (FR) injections and 52.6
formation in separate groups qf rats: the CA1 and CA3 regions o 4.54 with CAL (FG) injections. The mean number of single-
Ammon’s horn of the dorsal hippocampus; the DG of the dorsalpejeq cells/section in DR was 13.337.86 with MS injections
hippocampus; and DG/CAL of the ventral hippocampus (VHF).an4 20 37+ 14.6 with CAL injections. The number of double-
The needle was left in place for approximately 15 min following |aheled cells/section in MR ranged from 4 to 22, with a mean value
injections of FG (and FR) to prevent transport of the fluoresceniyt 19 87+ 4.67; the number of double-labeled cells in DR ranged
tracers up the needle tract. Three days following FG injections, FRrom 0 to 11, with a mean value of 27 2.85. The percentage of
(0.20 ul) was injected into medial or lateral regions of the MS/ gouple-labeled cells in MR was 9.5%, and in DR 7.4%. Double-
DBv. L L labeled cells in DR were mainly located ventrally, bordering the
Seven days after FG injections (4 days after FR injections), ratssthmus region between DR and MR.
were deeply anesthetized with sodium pentobarbital and perfused Considerably more labeled neurons were observed in DR
transcardially with a buffered saline wash (pH 7.4, 300 ml/ratjwith CA1 injections compared to septal injections for case 58
followed by a fixative containing 4% paraformaldehyde in 0.05 M (32.0 vs. 7.67 cells/section), which reflects similar differences
phosphate buffer (500 ml/rat). The brains were removed and storeslcross all cases with CA1/MS injections (20.37 14.6 vs.
overnight at 4°C in 20% sucrose in the same phosphate buffer. Ob3.33 + 7.86 cells/section) (Table 1). In addition, significantly
the following day the brains were cut at 20m on a freezing greater numbers of labeled neurons were present in
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FIG. 1. Series of rostrocaudally aligned (A—C) representative schematic transverse sections through the pons/midbrain
depicting the locations of single- and double retrogradely labeled cells in the median and dorsal raphe nuclei for case
58 with medial septum (MS)/CAL injections. Closed circles represent single-labeled cells with Fluororuby (FR)
injections in MS; open circles represent single-labeled cells with Fluorogold (FG) injections in the CAL1 area of the
hippocampus; and triangles represent double-labeled cells. Note that double-labeled cells are intermingled with
single-labeled cells. Abbreviations: AQ, cerebral aqueduct; AT, anterior tegmental nucleus; cst, corticospinal tract;
dscp, decussation of the superior cerebellar peduncle; DR, dorsal raphe nucleus; LDT, laterodorsal tegmental nucleus;
mcp, middle cerebellar peduncle; ml, medial lemniscus; mlf, medial longitudinal fasiculus; MR, median raphe nucleus;
PAG, periaqueductal gray; PG, pontine gray; PPN, pedunculopontine tegmental nucleus; RPO, nucleus reticularis
pontis oralis; scp, superior cerebellar peduncle; TRN, tegmental reticular nucleus; tsp, tectospinal tract; VTN, ventral
tegmental nucleus of Gudden.
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FIG. 2. Low (A,B) and high power (C—E) photomicrographs for case 58 (medial septum [MS]/CA1 injections) depicting a double-labeled cell [arrows
in (A,B) and same cell at higher magnification in (C—E)] in the rostral median raphe nucleus (MR). As shown, the morphological characteristics of
the double-labeled cell in MR were virtually identical when retrogradely filled with either Fluorogold (FG) (A,C) or Fluororuby (FR) (B,D). (E)
Double exposure photomicrograph depicting the combined presence of yellow (FG) and red (FR) fluorescent tags in the double-labeled cell giving
it an orange appearance. Note also single FG (CA1) and FR (MS)-labeled cells lying in close proximity to the double-labeled MR neuron. Scale bar

for (A,B): 100 um,; for (C,D,E): 35um.

DR with CA1 injections in either the dorsal (20.3% 14.6 Injections of Fluorescent Retrograde Tracers in Medial MS and
cells/section) or ventral (26.53 21.85 cells/section) hip- the Dentate Gyrus of the Dorsal Hippocampus

pocampus than with DG injections (5.69 5.44 cells/section
for MS/DG cases and 5.2% 4.47 cells/sections for LMS/DG Injections of fluorescent retrograde tracers in the medial MS
cases). The foregoing indicates stronger DR projections to CAIFR) and DG (FG) were made in 13 rats. Figure 3 schematically
than to either the MS or to DG. depicts the pattern of distribution of single- and double-labeled
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TABLE 1

NUMBERS AND RELATIVE PERCENTAGES OF SINGLE AND DOUBLE FLUORESCENTLY-LABELED NEURONS IN THE MEDIAN AND DORSAL
RAPHE NUCLEI FOLLOWING INJECTIONS OF FLUORORUBY (FR) IN THE MEDIAL SEPTUM AND FLUOROGOLD (FG) IN THE
HIPPOCAMPAL FORMATION

MEDIAN RAPHE DORSAL RAPHE

RAT FG FR DL FG FR DL
MS/CA1
3 57.67 62.67 15.67 33.33 24 8
9 51 57.33 12.33 18.67 17.67 3.33
13 46.33 48 10 13.67 14.33 2.33
19 48.33 39.33 10 21.67 14.33 0.67
33 56.33 41.67 6 11.33 8.67 1.33
43 54.67 59.67 13.33 18 13.33 3.67
46 63.33 61.67 12.33 31.67 16.67 4.33
52 57.67 54.67 10.67 17.33 12 1
55 44.33 36.33 5 6 4.67 0.33
58 46.33 44.67 13.33 32 7.67 2
Mean/SD 52.60- 14.54 50.60+ 17.26 10.87= 4.67 20.37= 14.60 13.33+ 7.86 2.70+ 2.85
% 46.1 44.4 9.5 56 36.6 7.4
MS/DG
2 57 67.67 13 2 9 0
4 54.33 59.33 17.33 13 18.67 3.67
7 50.33 55.67 11.67 1.33 5 0
8 56 77.33 16.33 2 14 0.33
15 48.33 42.67 10 3 6.67 0.33
30 54.33 48.33 11 9.33 14.33 1
32 50.33 31 8 2.33 6.67 0
34 45 32 6.33 4 8 0.67
37 49 40.67 11 9.33 9.33 1.33
39 55.33 39.67 12.33 6 8.33 0.67
41 59 44.67 12.33 4 9.33 0.67
51 58 60.33 13 10.33 14.33 3.67
120 45.67 45 14.67 7.33 13 2.67
Mean/SD 52.51 15.50 49.56+ 18.76 12.08+ 5.23 5.69* 5.44 10.38+ 6.64 1.15+ 1.61
% 46 43.4 10.6 33 60.3 6.7
LMS/DG
16 51.33 28.67 8.33 9.33 10.33 3.67
31 37 35.17 7 7.67 13.33 0.33
36 55 42.33 10.33 3.67 5.33 0
40 57.33 45 11.33 3 8 0
49 52.67 51 7 5.67 11.67 1
50 38.33 54.67 7 6.67 12 0
53 46.67 33.33 8 5 7.67 0
59 39.33 31.67 10 3 10 0.33
65 58.67 43 10.67 3 9.33 0.67
70 53 33.33 9.33 2.33 8.67 0
71 48.33 40 7.33 6.67 11.67 1
83 59.67 44 8.33 8 13 0.33
126 47.33 54.67 10.33 3.67 4.67 0
Mean/SD 49.59 17.05 41.29+ 13.07 8.85+ 3.56 5.21* 4.47 9.67+ 4.52 0.56+ 1.10
% 49.2 42 8.8 33.7 62.6 3.7
MS/CA3
6 74 43.67 8.33 8.67 15.33 0.33
10 66.33 59.33 14.67 6.33 21 2.33
23 53.67 58 11 7 23 2.33
82 70.33 73.33 11.67 9.67 15 1
122 53.33 54.67 10.33 14.67 11.67 1
Mean/SD 63.53+ 20.09 57.80+ 17.74 11.2+ 4.00 9.27+ 8.70 17.20+ 9.78 1.4+ 1.68
% 47.9 43.6 8.5 33.3 61.7 5
MS/VHF
24 51.33 50.33 9.33 29.67 14 3
25 67.33 49 9.67 17 17.33 3.33
28 58.67 50.67 13.67 21 13.33 1.33
29 67.67 52.67 12 57.33 28.33 6.33
88 39.67 49.33 5.67 7.67 9.33 0.33
Mean/SD 56.93+ 18.31 50.4+ 7.94 10.07+ 3.61 26.53+ 21.85 16.47+ 11.13 2.87+ 3.09
% 48.5 42.9 8.6 57.8 35.9 6.3

Combinations of injections: MS/CA1, the medial septum and CA1 region of Ammon’s horn; MS/DG, medial part of MS and dentate gyrus of the dorsaphgpocam

LMS/DG, lateral part of MS and DG; MS/CA3, MS and CA3 region of Ammon’s horn; MS/vHF, MS and ventral (temporal) hippocampal formation. DL, doldder@abens.
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FIG. 3. Series of rostrocaudally aligned (A-C) representative schematic transverse sections through the pons/
midbrain depicting the locations of single- and double retrogradely labeled cells in the median and dorsal raphe
nuclei for case 120 with medial septum (MS)/dentate gyrus (DG) injections. Closed circles represent single-labeled
cells with Fluororuby (FR) injections in MS; open circles represent single-labeled cells with Fluorogold (FG)

injections in DG; and triangles represent double-labeled cells. Note that double-labeled cells are intermingled with

single-labeled cells. See Fig. 1 for list of abbreviations.

cells in MR and DR for one rat (case 120) with injections in MS (triangles) were interspersed with single-labeled cells. In general,
and DG. As shown, pronounced numbers of single- and doubledlouble-labeled cells were concentrated along the midline in MR,
labeled cells were present throughout the rostrocaudal extent afnd there was a progressive decline in numbers of double-labeled

MR. There were approximately equal numbers of (single) labelectells from the rostral to caudal MR.
cells in MR with MS and DG injections. Double-labeled cells ~ There was a marked overlap in the distribution of FR- and
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FIG. 4. High power photomicrographs depicting three double-labeled cells in the median raphe nucleus (MR) [arrows in (A,B)] for case 120 (medial
septum/dentate gyrus). (C,D) Higher magnification photomicrographs exemplifying the top most double-labeled cell of (A,B). As shown, the cell was
virtually identical, morphologically, when retrogradely filled with either Fluorogold (C) or Fluororuby (D). Scale bar for (A,Burbf€or (C,D):

30 um.

FG-labeled neurons in MR, indicating an intermingling of MR 52.51 = 15.5 with DG (FG) injections. The mean number of
cells projecting to MS and hippocampus. single-labeled cells in DR were 10.38 6.64 with MS injections
Figure 4 depicts double-labeled cells at the intermediate MRand 5.69+ 5.44 with DG injections. The number of double-
for case 120 at two levels of magnification. As shown, the cells ardabeled cells/section in MR ranged from 4 to 27, with a mean value
morphologically identical when retrogradely filled with either FG of 12.08=+ 5.23, and the number of double-labeled cells/section in
(Figs. 4A,C) or FR (Figs. 4B,D). DR ranged from 0 to 6, with a mean value of 1.151.61. The
There were significantly fewer single- and double-labeled cellspercentage of double-labeled cells in MR was 10.6%, and in DR
in DR than in MR at all three levels of the brainstem. At the rostral 6.7%.
pons (Fig. 3A) a few single FR-labeled cells (MS injections) were  Although not shown in Table 1, more labeled cells were present
present in DR, but no FG-labeled cells (DG injections). At thein rostral than caudal parts of MR with both MS and DG injec-
intermediate and caudal pons (Figs. 3B,C) FR- and FG-labeletions: 53.58 vs. 41.54 cells/section in the rostral 2/3 vs. caudal 1/3
cells were intermingled in DR. There were exceedingly few dou-of MR with MS injections, and 58.03 vs. 41.46 cells/section in the
ble-labeled cells in the central core of DR (1-2/section). Moderateostral 2/3 vs. caudal 1/3 of MR with DG injections. By contrast,
numbers of double-labeled neurons were present in the isthmusere were more labeled neurons in the caudal than rostral DR
region between DR and MR at the intermediate and caudal pongollowing MS/DG injections: 5.61 vs. 12.77 cells/section for the
Table 1 summarizes the findings for the 13 cases with injectostral 1/3 vs. caudal 2/3 of DR with MS injections and 2.38 vs.
tions in MS and DG. The mean number of single-labeled cells/7.35 cells/section for the rostral 1/3 vs. caudal 2/3 of DR with DG
section in MR were 49.56- 18.76 with MS (FR) injections and injections. These findings demonstrate a predominantly rostral
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MEDIAN RAPHE DORSAL RAPHE
100% -
80% -
60% - 7.4% 6.3%
40%
6.7% 3.7%
20%
0% — =
MS/CAl MS/DG LMS/DG MS/CA3 MS/WVHF MS/CA1 MSDG LMSDG MS/CA3 MS/VHF
E FR-labeled

[C] Double-labeled
FG-labeled

FIG. 5. Summary diagram depicting percentages of single- and double-labeled cells in the median raphe nucleus
(MR) and dorsal raphe nucleus (DR) with five combinations of injections: medial part of the medial septum (MS) and
the CALl region of the dorsal hippocampus (MS/CA1); medial part of MS and the dentate gyrus of the dorsal
hippocampus (MS/DG); lateral part of MS and DG (LMS/DG); MS and the CA3 region of the dorsal hippocampus
(MS/CAZ3); and MS and the ventral hippocampus (MS/vVHF). Fluororuby (FR) cells were labeled following injections

in the septum, and Fluorogold (FG) cells were labeled following injections in the hippocampal formation.

origin of MR projections to the MS and DG, and a largely caudal medial MS injections, there were notable differences. For instance,
origin of DR projections to these sites. there were more single-labeled cells in MR with medial than
lateral MS injections (49.6 vs. 41.3 cells/section) as well as greater
Injections of Fluorescent Retrograde Tracers in the LMS and numbers and percentages of double-labeled cells in MR/DR with
the DG of the Dorsal Hippocampus MS compared to LMS injections (Table 1). These results demon-

The MS is organized into overlapping, largely segregated Iay_strsate stronger MR projections to medial than to lateral parts of

ers which from inner to outer layers consist of GABAergic, cho-
linergic (ACh), and calretinin-containing (CR) cells, respectively
[22]. The previously discussed injections were made in the medi

MS (centered in the GABAergic cell field), while those below

were located about 0.3—0.5 mm off the midline in the lateral MS
(centered in the ACh/CR cell fields). Lateral MS and DG injections
were made on the same side of the brain.

Table 1 summarizes the findings of 13 cases with injection
into the LMS and DG. Overall, the pattern of distribution of single-
and double-labeled cells in MR and DR with LMS/DG injections DISCUSSION
was similar to that seen with medial MS/DG injections. As de-
picted in Table 1, the mean number of single-labeled cells/section The main findings of the present report were as follows: (1)
in MR was 41.29+ 13.07 with LMS injections and 49.59 17.05  pronounced numbers of retrogradely labeled cells (approximately
with DG injections. The mean number of single-labeled cells/50 cells/section) were present in MR with injections in the MS or
section in DR was 9.67 4.52 with LMS injections and 5.2% in various regions of the hippocampus; (2) approximately 8—12%
4.47 with DG injections. The number of double-labeled cells/of MR cells were double-labeled following paired injections in the
section in MR ranged from 3 to 19, with a mean value of 885 MS-CA1, MS-CA3, MS-DG of the dorsal hippocampus, the lateral
3.56, and the number of double-labeled cells/section in DR rangetS-DG, and the MS-ventral hippocampus; (3) single- and double-
from O to 4 with a mean value of 0.56 1.1. The percentage of labeled cells were intermingled throughout MR and present in
double-labeled cells in MR was 8.8% and in DR was 3.7%. greater numbers in rostral vs. caudal MR; and (4) significantly

Despite strong similarities in patterns of labeling with LMS and more single- and double-labeled cells were present in MR than in

Figure 5 summarizes percentages of single- and double-labeled
ells for each of the five combinations of injections, including
S/CA3, and MS and ventral hippocampal (MS/vVHF) injections.
As depicted (Fig. 5), injections in the CA1 and CA3 regions of the
dorsal hippocampus (MS/CA1, MS/CA3) produced comparable
percentages of single- and double-labeled cells in MR. Equivalent
ercentages were also seen in MR with dorsal (MS/CA1, MS/CAS,
S/DG) and ventral (MS/VHF) hippocampal injections.
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DR with all combinations of injections. These findings demon- It has been shown that serotonin-containing neurons of MR
strate that MR projects strongly to the MS and hippocampus, andelectively contact (and putatively excite) GABAergic cells of
that a significant population of MR neurons (8—12%) sends col-both the septum [28,29] and hippocampus [11,13,17]. These find-

lateral projections to both sites. ings, together with the demonstration that GABAergic cells of the
_ ) ) septum and hippocampus inhibit projection cells of respective
Methodological Considerations structures [10,30], suggest that 5-HT MR neurons exert a net

The possibility exists that the double-labeled cells in MR suppressive effect on the output of the septum/hippocampus [28,

resulted from the retrograde transport of FR from damaged and/ot9l-
intact fibers passing through MS to the hippocampus rather than
fibers terminating in MS; i.e., the fiber of passage problem. WeDR Projections to the Septum and Hippocampus: Comparison
discount this possibility for the following reasons: (1) FR does notwith MR Projections
appear to be taken up by intact fibers of passage [42]; (2) the o . .
medial and lateral MS injections of the present study were made We observed significantly fewer labeled cells in DR than in
rostral to the fimbria/fornix; that is, the route taken by the bulk of MR with injections in the septum or in the hippocampus; that is,
MR/DR fibers coursing through the septum to the hippocampus3—4-fold fewer cells in DR than in MR with MS injections, and
and (3) unlike MR, exceedingly few double-labeled cells (mean 2-10-fold fewer cells in DR than in MR with HF injections.
1-2 cells/section) were present in DR. It would seem if FR were !N @ccord with our findings, several early reports largely using
significantly taken up by fibers of passage substantially mord€trograde techniques demonstrated stronger MR than DR projec-
double-labeled cells would have been seen in DR. tions to the septum and hippocampus [5,6,25,26,35,53]. For in-
stance, Kohler and associates identified significantly more labeled
MR Projections to the Septum: Single-labeled Neurons cells in MR than in DR following HRP injections in the MS [26]
. . or hippocampus [25]. In like manner, recent reports in the rat and
We demonstrated that MR projects extensively to the laterahamster using PHA-L [36,54,59] have described stronger MR than
and medial aspects of MS. On average, 4050 labeled cells/sectighr projections to both MS and HF and further showed, like here,
were identified in MR following FR injections into the medial or 5t DR projections to HF almost exclusively originate from the
lateral MS. Labeled cells were concentrated in the rostral twoy5,dal DR.
thirds of MR. o _ ) Similar to the case with single-labeled cells, significantly fewer
In accord with present findings, several previous reports usingy, hle-labeled cells were identified in DR than in MR following
retrograde [26,53] or anterograde [5,7,36,55,59] techniques havg) combinations of injections (i.e., approximately 1-2 cells/section
shown that MR distributes strongly to the septum. In a recent, pr compared to 1012 cells/section in MR across the various
PHA-L analysis in rats [59], we showed that MR fibers projecting njections). Double-labeled cells in DR were mainly located in the
to the septum primarily originate from the rostral pole of MR, and ~5,,dal two thirds of DR. The low numbers of double-labeled

terminate in the MS and the lateral part of the lateral septum (LS)neyrons in DR would indicate that the DR largely exerts indepen-
but avoid the intermediate LS. By contrast, DR fibers PTOJECtPem as opposed to dual, actions on the MS and HF.

heavily to the intermediate LS but sparsely to MS and the lateral 1 oy knowledge only a single previous report has examined
LS [54]. Morin and Meyer-Bernstein [36] described virtually iden- .ateral MR and DR projections to the septum and hippocampus
tical findings for the hamster, showing pronounced terminal label1) |y general accord with present findings, Acsady et al. [1]
ing in MS and lateral LS with MR, but not with DR, injections of renqrted that injections of retrograde tracers in the septum and
PHA-L; and dense labeling in the intermediate LS with DR, butpinnacampus of two rats gave rise to the following percentages of
not with MR, injections. _ _double-labeled cells: 12% and 14% in MR and DR for one rat and

We identified considerably more labeled cells in MR with 504 and 30% in MR and DR for the other rat. Although their
medial than lateral MS injections. As discussed, the medial M, centages may be slightly inflated based on their method of
mainly contains GABAergic neurons; the lateral MS, cholinergic c5\cyjating double-labeled cells [1], their percentage of double-
and CR-containing cells [22]. Taken together, this suggests thghpeled neurons in MR for one rat (12%) was comparable to our
MR may more strongly innervate GABAergic than ACh/CR ele- harcentages, but that for the second rat (28%) was higher than our
ments of the MS. In line with this, we recently showed that percentages for any septal-HF pairings. This latter difference could
serotonergic MR fibers terminate exclusively on GABAergic cells olve larger injections in their study than in ours. Finally, Ac-
of MS [28]. sady et al. [1] reported that all double-labeled MR cells (i.e., those
with collateral projections to the septum and HF) stained positively
for serotonin.

We demonstrated that MR projects densely throughout the
hippocampus. Approximately 50—60 labeled cells/section wer . . .
identified in MR following injections in the dorsal (CA1, CA3, and Epupfl_e-labeled Cells in MR and Possible Functional
DG) or ventral hippocampus. Similar to the septum, considerably ignificance
more labeled neurons were observed in the rostral two thirds We showed that approximately 8—12% of MR neurons were
(60.16 cells/section) than in caudal one third (39.83 cells/sectionflouble-labeled following combinations of injections in the septum
of MR with injections in various regions of the hippocampus.  and hippocampus. Although MR cells with collateral projections to

Supporting present results, several previous reports have showthe MS and HF were located throughout the rostrocaudal extent of
that MR strongly targets the hippocampus [5,7,35,36,38,55,59,66 MR, they were concentrated in the rostral one half of MR.
Using PHA-L, recent studies have demonstrated that MR fibers The MR is directly involved in the desynchronization of the
distribute throughout the hippocampus, and terminate densely ihippocampal EEG (or blockade of the hippocampal theta rhythm)
the stratum lacunosum-moleculare of Ammon’s horn and the gran¢[58] for review). MR stimulation desynchronizes the hippocampal
ule cell layer and overlying molecular layer of DG [36,59]. MR EEG [4,23,51]; MR lesions produce continuous theta [33,67]; and
projections to the hippocampus were shown to primarily originatevarious pharmacological agents injected into MR that either sup-
from the rostral pole of MR [59]. press the activity of MR neurons or reduce excitatory drive to them

MR Projections to the Hippocampus: Single-labeled Neurons
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generate theta at short latencies and long durations [19,20,23,32pnsumatory acts and hence the absence of theta during these
50,56,61]. conditions.

The desynchronizing actions of MR on the hippocampal EEG  In summary, we have shown that 8—12% of cells of the median
are thought to be primarily mediated by the MS. MR stimulation raphe nucleus send collateral projections to the MS and hippocam-
disrupts the rhythmical discharge of septal pacemaking cells angus. These cells may serve a unique role in the modulation of the
desynchronizes the hippocampal EEG [4,23]; injections of 5:HT septum and hippocampus in the desynchronization of the hip-

agonists into MR activate septal pacemaking cells and generatgocampal EEG.

theta [21]; and 5-HT MR cells selectively innervate [28] and excite
GABAergic cells of the MS, which, in turn, inhibit septohip-

pocampal MS [2,27,29,30] neurons, possibly involved in the de-
synchronization of the hippocampal EEG [58]. Although it appears
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direct influence on the HF or, as suggested by the present findings
of collateral MR projections to MS and HF, dual actions on the

septum and hippocampus in the control of the hippocampal EEG.

We have recently identified two major classes of MR cells with
activity related to the hippocampal EEG in urethane anesthetized
rats: fast firing cells (21-42 Hz) that discharged at increased rates
of activity with theta, and slow and regular firing neurons (1-4 Hz) 2.
that slowed in activity with theta [24,60]. We tentatively suggest
that the fast firing cells are GABAergic neurons, the slow firing
cells are 5-HT cells, and that these two populations mutually 3:
interact in the modulation of the hippocampal EEG. The slow
firing MR neurons with reduced discharge with theta constituted
about 9% of our population of MR cells. It is possible that the
presently identified MR cells with collateral projections to the
MS/DBv and HF may be those (or a subset of them) that fire at 5
decreased rates with theta and may be uniquely involved in the
desynchronization of the hippocampal EEG.

An accumulating body of evidence indicates that the theta 6.
rhythm of the hippocampus is critically involved in memory pro-
cessing functions of the hippocampus ([52,58] for review). If, as
indicated, theta serves an important role in long-term potentiation
(LTP)/memory, it would seem that a 5-HT MR mediated disrup-
tion of theta (hippocampal desynchronization) might suppress LTP
and memory. Consistent with this possibility, several reports haveg,
shown that serotonergic agents block LTP and that 5-HT antago-
nists (mainly 5-HT, antagonists) enhance LTP and/or memory 9.
[8,9.45,46,58]. Ascending 5-HT MR fibers, by disrupting theta (or
desynchronizing the hippocampal EEG), may block or temporarily
suspend mnemonic processes in the hippocampus. The MR may
an important part of a system of connections that directs th
hippocampus to essentially disregard insignificant environmenta
events.

In addition to its effects on the hippocampal EEG, the MR
serves a well documented role in the control of locomotion [3,15,12.
16,43,62,63]. MR stimulation suppresses locomotor behavior [12,
39] and various manipulations that reversibly or irreversibly in-
hibit the activity of MR cells produce locomotion [15,16,37,40, 13-
43,63-65]. The demonstration that the MR affects both
locomotion and the hippocampal EEG suggests common M
mechanisms controlling both functions. In this regard, Sinnamon
et al. [44] recently demonstrated the important findings that injec-
tions of GABA in MR both enhanced hypothalamic-induced step-15.
ping behavior (locomotion) and increased the power of theta in the
4-5 Hz band.

The possible dual MR control of locomotion and states of thel6.
hippocampal EEG would appear to have important functional
consequences. It is obviously critical for a rat (or other speciesl7
moving through its environment to commit relevant aspects of it to
memory, hence a coupling of motor behavior with theta to encode
information when moving. On the other hand, there may be less ofg,
a demand to commit information to memory when an animal is
stationary or engaged in automatic behaviors, such as grooming as.

it is also possible that the MR may exert d\/IH01476 to R.P.V and by NIMH predoctoral training grant MH19116.
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